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. Abstract
Intracellular delivery of material is a long-standing challenge for both therapeutic and research
applications. Existing technologies rely on a variety of mechanisms to facilitate delivery. Vector-
based methods, such as polymeric nanoparticles and liposomes, form complexes with the target
material and subsequently facilitate its uptake by the cell of interest, often through endocytosis.
Although effective in some applications, these methods have had difficulty translating to patient-
derived primary cells, especially stem cells and immune cells. Moreover, these vectors are often
limited in the range of target materials they can deliver and leave much material trapped in
endocytotic vesicles.
Physical methods, such as electroporation and sonoporation, have been able to address some of
the challenges with vector-based methods by providing a platform for physical disruption of the
cell membrane. By eliminating the need for vector materials and circumventing the endocytotic
pathway, these methods have shown an advantage in some applications, especially those
involving primary cells that are recalcitrant to vector-based methods. However, both
electroporation and sonoporation suffer from high cell toxicity and have had limited success in
delivering materials such as proteins and nanomaterials. Electroporation in particular has been
shown to damage certain target materials, such as quantum dots. Microinjection, an alternative
method in which cells are punctured by a microneedle, can address a variety of target materials
and cell types however its low throughput has hindered its adoption for most applications. There
is thus a need for more effective intracellular delivery methods.
This dissertation describes a microfluidic approach to intracellular delivery that seeks to embody
the advantages of a physical method, while mitigating issues related to toxicity and damage to
the target material. In our method, the cells of interest are prepared in suspension with the target
delivery material and flown through a parallel network of microfluidic channels. Each channel
contains a constriction point where the cells are rapidly deformed, or squeezed, as they pass
through. This process induces temporary disruption of the cell membrane thereby enabling
diffusive transport of material from the surrounding buffer into the cell cytosol. These
disruptions persist for less than 5min before membrane integrity is fully restored. This method
has thus far been demonstrated in over 15 cell types and has been able to deliver a variety of
functional materials including, DNA, RNA, proteins, quantum dots, carbon nanotubes, and small
molecules. Our cell squeezing technology has further illustrated its enabling potential in a
number of applications detailed herein.
Quantum dots are a promising alternative to organic fluorescent dyes due to their superior
spectral properties and stability. These nanoparticles have much potential as imaging agents in
vitro and in vivo. Delivery of undamaged quantum dots to the cell cytoplasm has been a
challenge with existing techniques. Vector-based methods have resulted in aggregation and
endosomal sequestration of quantum dots while electroporation can damage the semi-conducting
particles and aggregate delivered dots in the cytosol. In our work, we demonstrated efficient
cytosolic delivery of quantum dots without inducing aggregation, trapping material in
endosomes, or significant loss of cell viability. Moreover, we have shown that individual
quantum dots delivered by this approach are detectable in the cell cytosol, thus illustrating the
potential of this technique for single molecule tracking studies. These results indicate that our
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method could potentially be implemented as a robust platform for quantum dot based imaging in
a variety of applications.
The reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) has much
potential in its ability to address existing challenges in regenerative medicine by providing a
patient-specific source of pluripotent stem cells to generate new tissue. The mechanism of this
reprogramming process, however, is still poorly understood and existing technologies suffer
from chronically low reprogramming efficiencies (<4%). Moreover, many existing approaches to
reprogramming rely on viral vectors to facilitate the delivery of the target transcription factors -
these vectors are considered inappropriate for clinical applications due to safety concerns.
Cytosolic delivery of protein transcription factors is a possible alternative to viral and plasmid-
based reprogramming techniques. Direct protein delivery would negate the current safety
concerns with viral and plasmid-based methods as it could not cause potentially tumorigenic
changes in the genome. In our work, we implemented the cell squeezing technology as a method
to deliver protein transcription factors to the cytosol of primary human fibroblasts. These studies
yielded colonies of pluripotent stem cells that appeared to be fully functional. Moreover, the
efficiency of this procedure was 10-100x higher than the current state-of-the-art protein
reprogramming methods. The versatility of our delivery technology thus provides a promising
platform for further study of the reprogramming process and the development of more efficient,
clinically applicable, reprogramming procedures.
Finally, the technology described herein has been implemented in cancer vaccine applications.
Some recent immunotherapies against cancer have focused on the use of dendritic cells as
antigen presenting cells. These cells are capable of presenting cancer antigens to other immune
cell subsets and prompting a powerful immune response against the target cell type. A significant
challenge for these therapies, however, is that current methods to induce antigen presentation in
dendritic cells are often inefficient and can potentially induce a parallel regulatory response that
reduces treatment efficacy. In our work, we have implemented the device as a platform for direct
cytosolic delivery of the target antigen to dendritic cells. This approach could enable effective
presentation of the target antigen while minimizing the development of a regulatory response.
Our results indicate that this approach can produce effective antigen presentation in vitro, as
measured by CD8 T cell coculture assays. Moreover, we have demonstrated effective antigen
presentation in B cells, a more desirable clinical alternative to dendritic cells. These results thus
illustrate the potential of this technology to be implemented as an enabling, patient-specific
vaccination platform with minimal side-effects.
In summary, we have developed a robust, high-throughput approach to intracellular delivery. In
the described technique, cytosolic delivery is facilitated by the temporary disruption of the cell
membrane in response to rapid mechanical deformation of the cell in a microfluidic channel.
This technology seeks to addresses some of the challenges of existing vector-based and physical
poration methods, such as endocytosis, translation to primary cells, and cell toxicity. Our results
in quantum dot, cell reprogramming, and cancer vaccine applications illustrate the strengths of
this system. Although in its infancy, this technology has demonstrated the potential to enable a
range of clinical and research applications. In the future, better understanding of the underlying
mechanism and improvements to the system could produce substantial gains in performance and
allow this technique to be widely adopted by researchers and clinicians.
[3]
I. Acknowledgments
Thesis Committee
Prof. Klavs F. Jensen: For taking me on as a graduate student for a high risk project and giving
me the flexibility and independence needed to fully develop as a capable researcher. I also
appreciate his continual support of the project during the various personnel, financial and
research challenges.
Prof. Robert Langer: For taking me on as a graduate student and forming a collaboration with
Klavs centered around the described project. I also acknowledge Bob's mentoring support in
selecting the appropriate research directions and, along with Klavs, teaching me how to steer a
large project to completion.
Prof. Christopher Love: For his active guidance in numerous projects, particularly our
immunology work and circulating tumor cell work. He has also been very helpful in assisting my
job search, providing advice and enabling my future transition to an independent position.
Prof. Dane Wittrup: For his active guidance in our immunology work and his continual
encouragement to take greater ownership of promising projects and push them to completion.
Undergraduates
The undergraduates that worked on this project as part of the MIT Undergraduate Research
Opportunities Program (UROP) have been critical to our success and performed much of the
important experimental work described herein.
Nahyun Cho: For her exceptional dedication to her projects and her contributions to the
development of the platform, reprogramming studies, and cancer diagnostic studies.
Emily Jackson: For her dedication to her projects and her contributions to the development of
the platform and understanding its underlying mechanisms.
Shirley Mao: For her exceptional dedication to her projects and her contributions to the
development of the platform and application of the system to antigen presentation studies.
Roberta Poceviciute: For her dedication to her projects and her contributions to improving the
platform and understanding its underlying mechanisms.
George C. Hartoularos: For his dedication to his projects and his contributions to implementing
the platform for adoptive transfer therapies.
Tanya Talkar: For her continuing commitment to the project and her budding contributions to
the antigen presentation studies.
[4]
Key Collaborators:
Dr. Andrea Adamo: For introducing me to microfluidics and many of its basic
concepts/practices
Dr. Janeta Zoldan: For introducing me to cell biology and many of its basic concepts/practices
Dr. Jungmin Lee: For introducing me to quantum dots and the imaging techniques/concepts
surrounding them. I also acknowledge her exceptional contributions to our project on quantum
dot delivery and being a great friend!
Pamela Basto: For introducing me to dendritic cells and basic immunology concepts. I also
acknowledge her early contributions to our dendritic cell antigen presentation project.
Dr. Siddharth Jhunjhunwala: For teaching me additional concepts in T cell and B cell
immunology as well as his continuing contributions to our adoptive transfer therapy projects.
Viktor Adelsteinsson: For teaching me much about circulating tumor cells, their role in cancer
metastisis and being a key contributor to our work in tagging and isolation of circulating tumor
cells.
Additional Collaborators:
Dr. Woo Young Sim, Dr. Min-Joon Han, Sabine Schneider, Prof. Daniel Anderson, Prof. Kwang
Soo Kim (Harvard), Dr. Abigail Lytton-Jean, Dr. Gregory Szeto, Dr. Trifanova, Prof. Judy
Lieberman (Harvard), Prof. Darrel Irvine, Dr. Daniel A. Heller, Dr. Jeon Woong Kang, Prof.
Moungi Bawendi, Narmin Tahirova
Family
Shariar Sharei, Yasmine Sharei, and Niku Sharei: My wonderful family who have been very
supportive throughout my time at MIT and who made all this possible!
Bridget Navarro: For her amazing kindness and support throughout my studies and being the
best girlfriend ever!
I dedicate this thesis, and my future career, to making the world a better place for all.
[5]
Table of Contents
. A bstract.................................................................................................................................... 2
II. A cknow ledgm ents................................................................................................................ 4
III. Table of Figures ................................................................................................................... 9
IV . The Challenge of Intracellular D elivery ........................................................................ 20
V . D elivery by Rapid M echanical D eform ation................................................................. 27
I. H ypothesis.......................................................................................................................... 27
II. D esign............................................................................................................................. 27
D evice nom enclature ............................................................................................................. 29
D efining delivery efficiency ............................................................................................... 29
D evice recovery ..................................................................................................................... 29
Reagent use............................................................................................................................ 31
III. G overning param eters ................................................................................................. 33
Project Outlook...................................................................................................................... 34
IV . Cytosolic delivery by diffusion.................................................................................... 35
M odeling D iffusion ............................................................................................................... 40
Project Outlook...................................................................................................................... 42
V . Tw o-tiered delivery ...................................................................................................... 42
Project Outlook...................................................................................................................... 44
V I. M em brane disruption m echanism ............................................................................... 45
Project Outlook...................................................................................................................... 48
V II. Im aging of m em brane disruptions............................................................................... 48
Project Outlook...................................................................................................................... 51
V III. A pplicability across cell types................................................................................. 53
IX . Flexibility in addressing different delivery m aterial................................................... 59
X . Sum m ary ........................................................................................................................ 60
X I. D evice design guidelines for new cell types ............................................................... 61
D esign Param eters:................................................................................................................ 62
VI. Robust, High-Throughput Cytosolic Delivery of Quantum Dots................. 65
I. Background ........................................................................................................................ 65
II. Q D delivery into the cytosol ...................................................................................... 66
[6]
III. Single QD tracking in cell cytosol .............................................................................. 80
IV . Sum m ary ........................................................................................................................ 81
VII. A Microfluidic Platform for Protein-based Reprogramming.................... 82
I. Background ........................................................................................................................ 82
II. Protein Delivery ............................................................................................................. 84
III. Delivery to em bryonic stem cells................................................................................... 86
Project Outlook...................................................................................................................... 88
IV . M ultiple deliveries...................................................................................................... 90
V . Cell Reprogramm ing .................................................................................................... 93
VIII. Im proving antigen presentation for cancer vaccination ............................................... 100
I. Introduction...................................................................................................................... 100
II. Tum or lysate as a source of target antigens ................................................................. 101
III. B cells as antigen presenting cells................................................................................ 104
IV . M HC class I antigen presentation and DC m aturation................................................. 106
V . M HC class II antigen presentation............................................................................... 114
Project outlook..................................................................................................................... 115
VI. Translation to B cells.................................................................................................... 116
VII. Antigen presentation from cell lysate........................................................................... 119
VIII. Sum m ary................................................................................................................... 120
IX . Future Directions ............................................................................................................. 121
I. Device platform ............................................................................................................... 121
II. Quantum Dot delivery.................................................................................................. 123
III. Cell reprogramm ing ..................................................................................................... 124
IV . Cancer vaccines............................................................................................................ 126
X . APPEN DIX ...................................................................................................................... 130
I. Device m anufacture, operation and cell assays ............................................................... 130
Operating Procedure ............................................................................................................ 130
II. Device fabrication and m ounting system ..................................................................... 133
III. M easuring delivery....................................................................................................... 134
Cell culture .......................................................................................................................... 134
Lipofectam ine ...................................................................................................................... 134
[7]
Transm ission electron m icroscopy ...................................................................................... 134
Antibody labeling of im m une cells ..................................................................................... 135
Reprogram m ing factor purification by FLAG..................................................................... 135
W estern blotting .................................................................................................................. 135
Transcription factor delivery studies ................................................................................... 135
Staining of colonies ............................................................................................................. 136
Ram an Spectroscopy ........................................................................................................... 136
Flow cytom etry .................................................................................................................... 136
IV . Synthesizing quantum dots .......................................................................................... 137
M aterials .............................................................................................................................. 137
Instrum entation.................................................................................................................... 137
QD synthesis........................................................................................................................ 137
Synthesis of organic QD ligand........................................................................................... 139
Typical PIL synthesis .......................................................................................................... 140
V . QD analysis .................................................................................................................. 143
Delivery procedure for QDs ................................................................................................ 143
Cell culture .......................................................................................................................... 144
Confocal m icroscopy ........................................................................................................... 144
Epifluorescence m icroscopy ................................................................................................ 144
Flow cytom etry .................................................................................................................... 144
VI. Procedure for cell reprogramm ing experim ents........................................................... 145
VII. Cancer vaccine protocols ............................................................................................. 145
Cell lysis protocol................................................................................................................ 145
Buffers ................................................................................................................................. 146
M ice ..................................................................................................................................... 14 7
BM DC Harvesting Protocol: ............................................................................................... 148
T cell Purification................................................................................................................150
BM DC Purification..............................................................................................................152
Splenic DC purification protocol......................................................................................... 153
XI. References........................................................................................................................ 155
[8]
IIl. Table of Figures
Figure 1. Delivery mechanism and system design. a) Illustration of delivery hypothesis
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Figure 4. Defining delivery. a) Definition of constriction dimensions illustrated in an SEM
image. b-c) Definition of delivery efficiency. b) Sample fluorescence intensity histogram (from
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conjugated 3kDa dextran and c) one that is treated by a 30um-6um device. d) Treatment of HeLa
cells by the device alone (i.e. in the absence of dyes) did not lead to a significant change in
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Figure 5. Autofluorescence in immune cells. Autofluorescence histograms for cells treated by a
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dimensions are denoted by numbers (e.g. 1 Oum-6umx5) such that the first number corresponds to
constriction length, the second to constriction width and the third (if present) to the number of
constrictions in series per channel. a) Delivery efficiency and b) cell viability 18 hours post
treatment as a function of cell speed for 40um-6um (o), 20um-6um (i:) and 1 Oum-6umx5 (A)
device designs. Efficiencies and viabilities were measured by flow cytometry after propidium
iodide staining. All data points were run in triplicate and error bars represent two standard
d ev iatio n s. ..................................................................................................................................... 3 4
Figure 7. Multiple delivery cycles. Delivery efficiency (3kDa dextran) and viability of HeLa
cells in response to multiple treatment cycles (within 1 min of each other) through a 10um-6um
device. Note that results from multiple delivery cycles are not analogous to treatment by a single
chip containing the equivalent number of constrictions in series (Figure 6)........................... 35
Figure 8. Diffusive delivery mechanism. a) Scans of different horizontal planes of a HeLa cell
after the delivery of cascade blue conjugated 3kDa dextran, as measured by confocal
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microscopy. Note that 3kDa dextran is small enough to enter the nuclear envelope(44). Scans
read from top to bottom, then left to right where the top left is at z=6.98um and bottom right is at
z=-6.7um. Scale bar represents 6um. b) Live cell delivery efficiency of 10um-6um (i), 20um-
6um (o), 30um-6um (A), and 40um-6um (0) devices. The time axis indicates the amount of time
elapsed from initial treatment of cells before they were exposed to the target delivery solution.
All results were measured by flow cytometry 18 hours post-treatment. c) Average intensity of
the delivered cell population normalized by untreated cells to control for auto-fluorescence.
Fluorescein conjugated 70kDa dextran and cascade blue conjugated 3kDa dextran are delivered
to the cell (cycles 1 and 3) and removed from the cell (cycle 2) in consecutive treatment cycles.
The control represents cells that were only exposed to the delivery solution and not treated by the
device. d) Gene knockdown, as a function of device type and cell speed, in live destabilized GFP
expressing HeLa cells 18 hours after the delivery of anti-eGFP siRNA at a delivery concentration
of 5uM. Lipofectamine 2000 was used as a positive control and scrambled controls were run at
500mm/s on a 1Oum-6umx5. All data points were run in triplicate and error bars represent two
standard deviation s........................................................................................................................ 37
Figure 9. Additional validation of mechanism. a) Effect of device width on delivery
efficiency. Flow cytometry data of the delivery efficiency of 1 OkDa fluorescein labeled dextran,
delivered at 150mm/s, using 10um-6um, 30um-6um or 30um-8um devices. b) Delivery
performance at 20'C vs. 4'C. Cascade blue labeled 3kDa dextran and fluorescein labeled 70kDa
dextran were delivered to HeLa cells at 4'C or at room temperature (20'C). For the 4'C
condition, cells and the device were kept on a cold plate (set at 4'C) for 5min prior to delivery,
the delivery procedure was conducted on the plate, and the collected cells were subsequently
incubated for 5min on ice before being seeded onto a cell culture plate and incubated at 37'C.
The room temperature samples were kept at room temperature for all steps of the procedure prior
to being seeded onto a cell culture plate and incubated at 37'C. The resulting live cell delivery
efficiencies, measured by flow cytometry 18 hours post-delivery, indicate no major differences
in delivery performance for either target molecule. These results would indicate that material
uptake is not an active process as most active endocytotic processes are arrested or severely
diminished at 4'C. c) Knockdown specificity. Gene knockdown due to anti-eGFP siRNA and
scrambled controls delivered to HeLa cells expressing destabilized GFP. The 1 Oum-6umx5
device was operated at a cell speed of 500mm/s, Lipofectamine 2000 was used as a positive
control, and the results were measured at 18 hours post-treatment. Control cells were only
exposed to the delivery solution but not treated by the device. The ~30% knock-up in gene
expression in the Lipofectamine 2000 scrambled control is an artifact that we have observed in
studies involving destabilized-GFP expressing HeLa cells. Rounded cell morphology due to
treatment by Lipofectamine 2000 would indicate that treatment with these particles is causing
significant amounts of cell stress, which could contribute to the observed GFP up regulation.
Although this problem could potentially be removed with further optimization of Lipofectamine
treatments, it is likely a consequence of using a toxic agent(45) in the sensitive destabilized-GFP
assay. Experiments with eGFP expressing HeLa cells showed consistent knockdown after
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2 0 0 0 co n tro ls................................................................................................................................. 3 8
Figure 10. Dosage response. Increasing buffer concentrations of 70kDa dextran yield higher
delivery without causing a change in the baseline endocytosis rate (0 psi). Note that one of the
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Figure 11. Simulation of diffusive delivery. a) Simulation results indicating the percentage of
material delivered/lost from the cell as a function of membrane diffusivity when the material of
interest is in the buffer (o) or in the cell (o) at the time of poration. b) Graphical representation
of the simulated system and the concentration gradient that forms across the membrane if
material is delivered from the buffer (red area) to the cell (blue area)...................................... 41
Figure 12. Two-tiered delivery of material. a) Live cell delivery efficiency, as a function of
speed, for HeLa cells treated with Pacific Blue conjugated 3kDa (0), fluorescein conjugated
70kDa (o) and 2MDa (A) dextran. This experiment was conducted with a 1 Oum-6umx5 chip. All
data points were run in triplicate and error bars represent two standard deviations. b,c) Histogram
overlays of flow cytometry data for HeLa cells that are untreated (red), treated at 700mm/s
(green), treated at 500mm/s(orange), treated at 300mm/s (light blue), or only exposed to the
delivery material(control, dark blue). The delivery material consisted of b) pacific blue
conjugated 3kDa dextran and c) fluorescein conjugated 70kDa dextran. ................................ 44
Figure 13. Delivery of plasmids by rapid mechanical deformation. EGFP encoding plasmids
(5kbp) (Aldevron) were labeled with a fluorescein tag (Mirus) and delivered to HeLa cells using
a 30um-6um device at 30psi (uncertain about exact operating pressure). These data indicate an
estimated 15% cytosolic delivery efficiency to live cells relative to controls. In separate,
unlabeled plasmid delivery experiments we did not observe any GFP expression, indicating that
the DNA may not have entered the nucleus. Note that these data were obtained using early
versions of the device and therefore are probably not representative of the latest generation of iS
chips when operated at high pressures...................................................................................... 45
Figure 14. Test parameters for determining membrane disruption mechanism. This figure
illustrates the 4 criteria that were used to evaluate the relevance of candidate delivery parameters.
Length (L), width/diameter (D), and driving pressure (Pinlet) have been addressed previously.
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Figure 15. SEM images of fixed cells at different time points post-treatment. HeLa cells
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temperature in a microcentrifuge tube. The cells were then washed successively in ethanol
solutions containing, respectively, 30%, 50%, 70%, 95%, 100% and 100% v/v of alcohol in
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by mild centrifugation for 5 s. Finally, 15 ul of the cell suspension was mounted on metal grids
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least 2 independent experim ents ................................................................................................ 50
Figure 16. TEM images of cells fixed <1s after treatment with gold nanoparticles. Left)
Arrows indicate possible membrane disruptions ~50nm in diameter. Right) Brackets indicates
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experiments involving gold nanoparticle delivery (Figure 21). Images a) and b) are from one
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treated with a 30um-6um device to deliver 3kDa and 70kDa dextran. b) Delivery efficiency and
viability of spleen isolated, murine dendritic cells treated with a 1 Oum-4um device to deliver
3kDa and 70kDa dextran. c) Delivery efficiency and viability of murine embryonic stem cells
treated with a 1 Oum-6um device to deliver 3kDa and 70kDa dextran. d) Delivery efficiency of
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isolated from whole mouse blood by centrifugation and treated by 30um-5um and 30um-5umx5
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respectively. All data points were run in triplicate and error bars represent two standard
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Figure 18. Morphology and gene expression of mESCs following treatment by rapid
mechanical deformation. a) Images of control cells that did not flow though the device. b) Cells
that were treated by a 30um-6um device once, c) twice, or d) three times in succession. e) PCR
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2 0 0u m . .......................................................................................................................................... 5 5
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Figure 24. Delivery efficiency and viability after device treatment. a) Viability of HeLa cells
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and of the resulting QD-disulfide-Rox construct (right) (image not to scale). (b) The absorbance
spectrum of the QD-disulfide-dye construct. Excitation at 488 nm and at 405 nm provided
exclusive absorption by the QDs throughout the experiment. (c) The stability of fluorescence
energy transfer from QD to Rox for the construct in full culture media at 37 'C and 5% CO 2,
demonstrating that the disulfide bond is not cleaved in the extracellular environment. (d)
Cleavage of the disulfide bond by the cytosolic reductant glutathione, as shown by the recovery
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of QD fluorescence. (e) Recovery of QD fluorescence upon treatment by the non-thiol reductant
tris (2-carboxyethyl) phosphine, further supporting the cleavage of the disulfide bond........... 70
Figure 26. Live cell confocal microscopy images and fluorescence intensity analysis
demonstrating cytoplasmic staining and chemical accessibility of QD surface. (a) Images of
treated cells (top) and control cells (bottom). The appearance of diffuse green fluorescence is
present only in treated cells. Scale bar is 10 pm. (b) Change in intensity as a function of time in
the green and red channels. Because n<20 at each time point, fluctuations in total average
fluorescence were corrected by normalizing to the 0 h time point. ........................................... 73
Figure 27. a) Example QD and Rox channel confocal overlay images in the of cells that were
incubated, but not delivered, with QD-S-S-Rox (top) and autofluorescence from cells that were
completely untreated (bottom). b) line graph of average absolute QD and Rox intensities in these
cells. Scale bars are 10 pm ............................................................................................................ 75
Figure 28. Flow cytometry measurements of average cell fluorescence and viability. a)
Average fluorescence of QD (top) and Rox (bottom) per cell, showing an increase in QD
fluorescence only in treated cells. Rox fluorescence in both treated and control cells is at
autofluorescence levels by the 24 h time point. b) Histogram of the distribution of fluorescence
intensities among treated and control cells at select time points, in the QD channel (left) and Rox
channel (right). QD delivery is estimated to have occurred in at least 35% of the cell population.
Grey areas are meant to guide the eye in the movement of fluorescence intensity histogram
peaks. c) Viability of control and treated cells as measured by propidium iodide. .................. 76
Figure 29. QDs are delivered into HeLa cells at 4 *C, when biological processes are
arrested. Control group was incubated in PBS, and indicate autofluorescence levels. Inlet groups
were allowed to sit inside the microfluidic device but were not flown through the channels. (a)
Delivery efficiency of QD540 QD fluorescence measured by flow cytometry, and (b) viability of
treated, control, and inlet group cells. In these figures, the first number indicates the temperature
at which delivery was performed and the second indicates the temperature at which the cells
were allowed to recover for 5minutes prior to washing the QDs. ........................................... 77
Figure 30. Delivery efficiency measured at 5uM, luM, 500nM and 100nM QD
concentrations during HeLa cell treatment with the microfluidic device. Inlet groups were
allowed to sit inside the microfluidic device but were not flown through the channels. Note that
delivery concentrations as low as 1 OnM were detectable by microscopy. ................. 78
Figure 31. Reproducibility of cytoplasmic delivery as shown by flow cytometry
measurements of two independent delivery experiments with the QD-S-S-Rox
nanoparticles. Average fluorescence of QD (a) and Rox (b) per cell, showing an increase in QD
fluorescence only in treated cells. Rox fluorescence in both treated and control cells is at
autofluorescence levels by the 24 h time point........................................................................ 79
Figure 32. Epifluorescence imaging of unaggregated single QDs within the cell cytosol after
device treatment with a 10 nM QD solution (top), and blinking traces of the three QDs labeled A,
B, and C (bottom, green lines) with autofluorescence (bottom, grey lines). QD blinking traces
appear to be non-binary due to long acquisition bin times (500 ms). Scale bars are 10 im. ....... 80
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Figure 33. Protein delivery by cell squeezing. FACS data from HeLa cells 24hrs after
simultaneous delivery of FD and FITC labeled BSA A) at 300mm/s, B) Omm/s control. Each
color coded quadrant differentiates between no delivery, 3kDa dextran delivery, 66kDa BSA
delivery, or both C) FACS data from the same experiment as A &B demonstrating delivery and
viability trends relative to cell speed. D) Detection of ApoE in HeLa cell lysate 24hrs after
delivery of the non-native protein............................................................................................. 85
Figure 34. New born foreskin fibroblasts (NuFF) cells treated by a 30um-6um device in the
presence of 3kDa and 70kDa dextrans labeled with cascade blue and fluorescein
respectively. These data were measured by flow cytometry 18 hours after delivery and cell
viability was determined by propidium iodide staining............................................................. 86
Figure 35. Microfluidic delivery of fluorescently labeled dextran to mESCs. A) Quantitative
analysis of dextran delivery to mESCs as measured by FACS. B) Fluorescent micrograph and
bright field image (C) of mESCs following fluorescein labeled 1 OkDa dextran delivery (50ptm
scale bar). ...................................................................................-----.--... . --------------------.................. 87
Figure 36. Delivery to human embryonic stem cells. Preliminary experiments with three
different device designs, 1Oum-6um, 3Oum-6um and 1Oum-5um yielded up to (a) 50% delivery
of 70kDa fluorescein labeled dextran. b) The viability of these treated cells remained above 50%
as measured by propidium iodide staining and flow cytometry. These results were measured on
the same day, immediately after delivery was complete. ......................................................... 89
Figure 37. GFP knockdown in human embryonic stem cells. GFP expressing human
embryonic stem cells were treated with the listed device designs at 30 psi in the presence of 5uM
of anti-GFP siRNA (Ambion). The scrambled siRNA control experiments were run at the same
concentration. Error bars represent 2 standard deviations within the experimental replicates. GFP
knockdown was measured 48 hours post-treatment and non-viable cells were excluded by
propidium iodide staining. ......................................................................... .- -........ 90
Figure 38. Cell response to multiple delivery treatments. In this experiment, HeLa cells were
treated by a 30um-6um device at 50psi over a period of 2 days. On the first day they were treated
with fluorescein labeled 3kDa dextran and on the second day they were treated with cascade blue
labeled 3kDa dextran. Results were measured on the second day, immediately after delivery, and
dead cells were excluded based on propidium iodide staining. The quadrants were drawn based
on endocytosis controls to indicate the delivery of each dye to the treated cells. ..................... 91
Figure 39. Relative delivery efficiency of cells between the first and second treatment. These
data were obtained from experiments on HeLa cells using both 1Oum-6um and 3Oum-6um
devices as described in Figure 38. The blue bar illustrates the percentage of total cells that
received the 3kDa cascade blue dye on day 2 and the green bar illustrates the percentage of
successfully treated cells from day 1 (i.e. those that received 3kDa fluorescein) that also
received the cascade blue dextran on day 2. The similar delivery efficiency values would indicate
that cells successfully treated on day 1 were not any more or less likely to uptake material on day
2...............................................................---. . ----------------------------------............................................... 92
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Figure 40. Dextran efflux from treated cells. By comparing the fluorescein only population to
the fluorescein + cascade blue population in Figure 38, one can measure the efflux of fluorescein
labeled dextran. This graph represents the reduction in mean fluorescence intensity of the
cascade blue +fluorescein population relative to the fluorescein only population. The net
reduction indicates loss of fluorescein labeled dextran as a result of the second membrane
disruption event on day 2.............................................................................................................. 93
Figure 41. Altering cell morphology and gene expression by cytosolic delivery of
transcription factors. a) A western blot analysis of c-Myc, Klf4, Oct4 and Sox2 delivery to
NuFF cells by cell penetrating peptides versus a 1 Oum-6um device. Each of the four proteins has
an additional 9 arginine (9R) groups to facilitate uptake. The lysate (Ly) columns correspond to
the protein content of cells that are washed and lysed while the media columns correspond to the
protein content of the media environment. b) Confocal microscopy images of NuFF cells fixed
after delivery of the reprogramming factors. The proteins are tagged using an Alexa 488
conjugated anti-FLAG antibody and the nucleus is stained by DAPI. Scale bat at 15um. c) A
progression of morphological changes from fibroblasts into colonies. White arrows indicate
potentially transformed cells. The red arrow points towards coalescing cells forming a colony. d-
g) Expression of the human embryonic stem cell marker Oct4, SSEA-4, Tra-1-60 and Tra-1-81
in transformed colonies. Where appropriate, the small box represents a DAPI counter stain. Scale
b ars at 100u m ................................................................................................................................ 9 5
Figure 42. Fluorescent micrographs of fixed cells treated after treatment by the device (top)
or by CPPs only (bottom). The cell nucleus was stained with DAPI while an anti-FLAG Alexa
488 antibody was used to tag the target transcription factors. The punctate staining in the CPP
case indicates endocytotic trapping of much of the delivery material..................................... 96
Figure 43. Image of a reprogrammed colony (right) as compared to a human embryonic
stem cell. The morphology of the reprogrammed colonies is similar to the embryonic cells. Note
that the elongated cell morphology visible in the periphery is that of untransformed fibroblasts.97
Figure 44. Reprogramming efficiency and colony pluripotency. a) The average number of
colonies present in a sample plate after the delivery cycles have been completed. Averages and
standard deviations were calculated based on data from 2 independent experiments, each run in
duplicate. b) Alkaline Phosphatase (AP) staining of a colony transformed by the device(49). c)
Induction of differentiation was achieved by growing the iPS-like cells in suspension as
previously described(89). Briefly, iPS-like colonies were enzymatically dissociated form feeder
layers and transferred to low adhesion petri dishes. Subsequently, the resulting embryoid bodies
(EB) were incubated in EB media (KO- DMEM (Gibco) with 20% knockout serum (Gibco),
1mM L-glutamine (Gibco), 0.1mM P-mercaptoethanol, and 1% NEAA (Gibco)) at 37'C. After 8
days, EBs were seeded on gelatin-covered chamber slides (Lab-Tek) and incubated for additional
10 days in EB media. IPS-like generation and cell differentiation were assessed by fluorescent
immunohistochemical staining according to suggested protocols for cell reprogramming
(Stemgent). All cells were fixed with 4% paraformaldehyde, permeablized with 0.1% Triton-X
and visualized with a Zeiss Axiovert 200 fluorescent microscope after staining. IPS-like EBs
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were incubated with primary antibodies recognizing early human mesoderm marker brachyury
(1:50; Santa Cruz Biotechnology), definitive endodermal marker Sox17 (1:50; R&D Systems),
and Pax6 (1:100; Abcam) as markers for neuroectodermal cells. Nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI). Bound primary antibodies were detected by FITC-labeled
secondary antibody SC-2010 IgG-FITC (1:200; Santa Cruz Biotechnology)........................... 98
Figure 45. Antigen presentation pathways(102). An illustration of the MHC class I and MHC
class II antigen presentation pathways. MHC class I antigens are sourced from the proteasome
mediated degradation of endogenous antigen particles while MHC class II antigens are sourced
from exogenous antigens that have been endocytosed. Cross-presentation of endocytosed
antigens can occur in certain subsets of dendritic cells however the mechanism of this pathway is
not well understood and the process is inefficient...................................................................... 103
Figure 46. Delivery of fluorescein labeled ovalbumin to splenic dendritic cells derived from
the spleen of C57BL/6 mice. 3kDa, cascade blue dextran was co-delivered to the cells and
propidium iodide staining was used to differentiate viable cells by flow cytometry. ................ 104
Figure 47. Developing physical delivery methods as a cellular vaccine platform. First, a
mixture of target and self-proteins (probably obtained from a biopsy) are delivered to an APC
(e.g. a dendritic cell) by physical poration. The activated APC will then process and present
fragments of these proteins on its MHC-I receptors, thereby activating any CD8 T cells that
recognize the various fragments. Innate processes that regulate/eliminate self-recognizing T cells
will help mitigate any potential auto-immune side-effects. Activated T cells will begin
proliferation and cytokine secretion, thus driving a cytotoxic response against any diseased cells
that express the target proteins.................................................................................................... 106
Figure 48. Assessing antigen presentation and DC maturation. This figure provides a
schematic of the delivery materials used in our proof-of-concept experiments as well as the
surface receptors that were probed by antibody staining. Ovalbumin was delivered as a model
antigen to measure the MHC-I presentation of SIINFEKL by antibody staining (Bio Legend).
70kDa, fluorescein labeled dextran was used as a tracer to measure delivery performance.
Upregulation of CD80 and CD86 was used to measure DC maturation in response to the device
and known m aturation stim uli (such as LPS). ............................................................................ 107
Figure 49. Antigen presentation in splenic DCs. An antibody to MHC Class I bound to
SIINFEKL was used to measure antigen presentation in splenic DCs. Dead cells were excluded
by propidium iodide staining...................................................................................................... 108
Figure 50. Antigen presentation in bone marrow DCs. An antibody to MHC Class I bound to
SIINFEKL was used to measure antigen presentation in bone marrow DCs. Dead cells were
excluded by propidium iodide staining....................................................................................... 109
Figure 51. MHC class I antigen presentation correlates with dextran delivery. a) Measures
the change in intensity on the FITC channel in response to delivery of 70kDa fluorescein dextran
and ovalbumin to BMDCs. b) Measures the corresponding expression of SIINFEKL loaded
MHC class I molecules as measured by antibody staining. FITC-A+ and FITC-A- denote the
fluorescein positive and fluorescein negative populations respectively. These results were
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obtained with a 30um-6um chip, cells were matured with LPS post-delivery, and dead cells were
excluded by propidium iodide staining....................................................................................... 110
Figure 52. Antigen presentation kinetics. Presentation of SIINFEKL on MHC class I at 3hrs
(a), 20hrs (b), and 45hrs (c) after ovalbumin delivery. Results were measured by antibody
staining and dead cells were excluded by propidium iodide staining......................................... 111
Figure 53. Splenic DC maturation in response to LPS stimulation. Spleen-derived DCs were
incubated for 3 hours at 370C after having undergone the listed treatments. The '4C' case was
kept on ice for 3 hours instead of incubation at 370C to suppress all active processes. These data
indicate that device treated cells have similar maturation levels to their untreated counterparts
after a 3 hour incubation in LPS. The 'Endocytosis' case, which was not treated with LPS, would
suggest that the DC purification process alone may trigger a maturation process as those cells
have significant upregulation of CD80 and CD86 relative to the iced control. Results were
measured by antibody staining for CD80 and CD86 and dead cells were excluded by propidium
iodid e staining ............................................................................................................................. 112
Figure 54. Activation of antigen-specific T cells in response to treated dendritic cells. a)
Bone marrow derived DCs were treated by the device in the presence of varying OVA
concentrations and cultured in the presence of CFSE stained, CD8' T cells derived from OT- 1
mice. After 5 days of culture, T cell proliferation was measured by flow cytometry. The dilution
of the CFSE stain, as reflected by reduced intensity in the FITC channel, and increased cell
counts indicate T cell proliferation across multiple generations. b) Secretion of the
immunostimulatory cytokine IFN-y, as measured by ELISA analysis of culture supernatant, from
CD8* T cells incubated in the presence of treated DCs. The 'OVA' conditions correspond to
cases where the cells were treated by the device, while the 'OVA Endo' condition corresponds to
an endocytosis only case. Treatment of DCs by the device in the absence of OVA did not induce
proliferation or cytokine secretion. Where applicable, error bars represent +1 standard deviation
obtained from triplicate experim ents.......................................................................................... 114
Figure 55. The device does not interfere with activation of CD4 T cells through MHC class
II antigen presentation. Antigen specific CD4' T cells were obtained from OT-II transgenic
mice and co-cultured with device treated BMDCs. These mice contain a TCR on their CD4 T
cells that is specific for an OVA epitope (different from SIINFEKL). Proliferation results were
measured by CFSE staining and flow cytometry on day 5 of co-culture. These results indicate
that the device and endocytosis (inlet) cases behave similarly, while the no OVA (where the cells
are treated in the absence of protein) and NC (untreated or 'no contact') cases show no non-
specific proliferation. These results held true whether or not LPS, a maturation inducing
polysaccharide, was present. The numbers (e.g. 50:30) correspond to the ratio of cell solution to
delivery solution. The delivery solution was 0.5mg/ml OVA protein in PBS. .......................... 116
Figure 56. Proliferation results from CFSE tagged OT-I transgenic CD8 T cells co-cultured
with OVA treated B cells. Treated B cells were cultured in the presence of CpG
oligonucleotides and treated with 10-4i or 30-5x5i device types. The Siin, NC and Inlet
conditions are peptide controls, untreated, and endocytosis only cases respectively................. 117
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Figure 57. Cytokine secretion of B cell activated T cells. These graphs represent the levels of
TNF-a and IFN-y present in the co-culture media 3 days after the start of incubation. In these
experiments, naive B cells were treated by different device designs in the presence of 0. 1mg/ml
of OVA protein. The bottom labels, such as 'CpG A', denote the type of stimulant that the B
cells and T cells were cultured in after treatment. The '+stim' cases indicate that the cells were
treated by the device in the presence of the listed stimulant. These data were obtained using a
Lum inex bead assay to measure cytokine secretion. .................................................................. 118
Figure 58. Proliferation results from CFSE tagged OT-I transgenic CD8 T cells co-cultured
with B16-OVA lysate treated DCs. The ratios, such as '50:10', indicate the volume of cell
suspension relative to the volume of cell lysate solution. Note the endocytosis and untreated
controls do not have any observable peaks as the T cells died due to lack of stimulation in those
co n d itio n s.................................................................................................................................... 1 19
Figure 59. Combining cell squeezing and electroporation. A bright field micrograph of early
work (106) that could be modified to combine a constriction-based design with electrodes to
enhance delivery efficacy. (scale bar 30tm ) ............................................................................. 123
Figure 60. Ex vivo therapeutic concepts that implement this technology for immunotherapy
or regenerative medicine applications. In both applications, the desired cells are isolated from
the patient, treated by the device to deliver therapeutic agents or reprogramming factors, and re-
im planted to treat the target area................................................................................................. 123
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IV. The Challenge of Intracellular Delivery
Intracellular delivery of macromolecules is a critical step in therapeutic and research
applications. Nanoparticle mediated delivery of DNA and RNA, for example, is being explored
for gene therapy(l, 2), while protein delivery is a promising means of affecting cellular function
in both clinical(3) and laboratory(4) settings. Other materials, such as small molecules, quantum
dots, or gold nanoparticles, are of interest for cancer therapies(5, 6), intracellular labeling(7, 8),
and single molecule tracking(9).
The cell membrane is largely impermeable to macromolecules. Many existing techniques utilize
polymeric nanoparticles(10, 11), liposomes(12), or chemical modifications of the target
molecule(13), such as cell penetrating peptides (CPPs) (14, 15), to facilitate membrane poration
or endocytotic delivery. In these methods, the delivery vehicle's efficacy is often dependent on
the structure of the target molecule and the cell type. These methods are thus efficient in the
delivery of structurally uniform materials, such as nucleic acids, but often ill-suited for the
delivery of more structurally diverse materials, such as proteins(16, 17) and some
nanomaterials(7). Moreover, the endosome escape mechanism that most of these methods rely on
is often inefficient; hence, much material remains trapped in endosomal and lysosomal
vesicles(18). More effective gene delivery methods, such as viral vectors(19, 20), on the other
hand, often risk chromosomal integration and are limited to DNA and RNA delivery.
Membrane poration methods, such as electroporation(21, 22) and sonoporation(23), are an
attractive alternative in some applications. Indeed electroporation has demonstrated its efficacy
in a number of DNA(24) and RNA(25) delivery applications for previously difficult to transfect
primary cells. However, this method can cause cell death and has been shown to damage
sensitive materials such as quantum dots, which aggregate due to exposure to electric fields(8).
There have also been limited reports of successful protein delivery by this mechanism (26, 27).
Microinjection, on the other hand, is perhaps the most direct method of delivering material to the
cell cytoplasm regardless of cell type or delivery material. Though effective for certain
applications, such as producing transgenic organisms, the method's low throughput is a
disadvantage in many therapeutic and research applications(28, 29).
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The range of delivery material, target cell types and delivery methods are summarized in the
tables below. Although this format does not capture the subtleties of individual delivery
applications, it provides a generalized picture of the challenges in the field. Specifically, it
illustrates that most methods have difficulty translating to primary cells. One could speculate that
the reason electroporation has translated more effectively across cell types compared to its
nanoparticle counterparts is that electroporation is primarily dependent on cell membrane
properties. Nanoparticle vectors and cell penetrating peptides, in contrast, are affected by
membrane properties, endocytotic rates and endosome escape mechanisms. Hence, as a method,
they are more susceptible to variations in behavior across cell types while, despite high toxicity,
electroporation is more robust and has been able to address some of the delivery challenges in
primary cells.
Table 1. A categorization of cell types targeted for intracellular delivery applications.
Cell Types Comments
Immune Cells Important for understanding the immune response and developing
immunotherapies. This category includes T cells, B cells, Dendritic
Cells, Macrophages, Monocytes, Granulocytes, etc. T cells and B cells
are often the most recalcitrant to transfection.
Stem Cells Important for understanding development of different cell lineages and a
critical component of potential regenerative therapies. Embryonic stem
cells especially can be sensitive to perturbation as they die or
differentiate in response to stressful transfection events
Neurons Important for understanding neural signaling pathways, brain function
and neurological diseases. Terminally differentiated and highly
specialized cells that may lack the capacity to respond robustly to
stressful transfection events
Fibroblasts/Epithelial This category encompasses a range of cell types with mechanistic or
cells etc. therapeutic significance. These cells are typically easier to manipulate in
culture and more resilient to stressful transfection events compared to
the above three cell types.
Cell lines Established cell lines serve as useful models for studying some
disease/cell mechanisms and functions. These cells are easier to
manipulate in vitro and thus most transfection methods are
tested/developed around cell lines before attempted translation to
primary cells.
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Table 2. A categorization of target materials most commonly used for intracellular delivery
applications.
Materials Comments
Nucleic Acids This category encompasses all oligonucleotides including DNA, RNA,
siRNA, mRNA, and miRNA. DNA often needs to be transported into
the nucleus to enable expression of the target genes (this transport is not
necessarily an innate cellular function and often needs to be facilitated
by external means). The various forms of RNA are usually cytosolically
active. DNA plasmids are the most common target material for
transfection as it provides an amplified response if successful. RNA is of
increasing interest; however, it is inherently less stable than DNA and
therefore more difficult to decouple delivery and activity issues.
Because DNA and RNA are structurally similar, reagents/methods that
work for one often work for the other.
Proteins/peptides This category includes all combinations of amino acids regardless of
function (e.g. antibodies, transcription factors, structural proteins, short
peptides). Proteins are often difficult to produce/purify which is why
some studies prefer to use DNA for artificially inducing expression in
vitro. For in vivo applications, however, DNA carries a finite risk of
integration into the genome and thus raises significant safety concerns.
Moreover, there are applications (e.g. imaging) where over expression
of the target protein may not be desirable. The structural diversity of
proteins and their sensitive tertiary structure poses a significant
challenge to developing effective protein delivery methods.
Small Molecules This category includes all small molecule structures that may have a
biologically relevant function/application. Due to their
structural/chemical diversity, developing robust delivery technologies
for these materials is a challenge.
Nanomaterials This category includes materials such as quantum dots, gold
nanoparticles and carbon nanotubes. Due to their structural/chemical
diversity, developing robust delivery technologies for these materials is
a challenge.
This observation would indicate that physical approaches to intracellular delivery are inherently
more robust than vector-based methods. Electroporation is currently the most common physical
approach as microinjection is challenging to scale to high throughput(30) and sonoporation has
yet to demonstrate enabling potential beyond electroporation(3 1). In most current
implementations of electroporation, the non-uniformity of the electrical field throughout the bulk
solution could be responsible for the high rate of toxicity as some cells are exposed to overly
harsh conditions(32). Recent microfluidic approaches to electroporation (22, 33) seek to address
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this issue by providing a more uniform field in a controlled region. These systems have yet to
establish significant throughput however. Moreover, the role of the electrical field in facilitating
transport into the cytoplasm of a porated cell remains unclear as some results indicate
electrophoretic effects may be responsible for transporting larger charged molecules, such as
DNA(34). Electrical fields are also known to damage certain target materials(8) and have had
limited success in protein delivery(26, 27).
A simplified approach to delivery that facilitates consistent mechanical disruption of the cell
membrane in the absence of vector materials or electrical fields could thus potentially overcome
the aforementioned challenges of electroporation while retaining the benefits of a physical
approach to delivery. For most in vivo applications, however, the development of targeted,
vector-based delivery system would be preferred as it could be unfeasible to implement
mechanical approaches in vivo.
Table 3. A list of delivery methods commonly used for in vitro and in vivo applications.
Delivery Methods Mechanism Advantage Disadvantage
Nanoparticles and This category encompasses all Ease of use, Potential
Liposomes methods that involve the potential for toxicity and off-
complexing of a carrier vector in vivo target effects
with the target material to facilitate applications from vector
intracellular delivery. The majority material,
of these methods involve the limited success
following steps: 1) Carrier forms a in delivery to
complex with the target material 2) primary cells,
The complex is endocytosed by limited success
the desired cell 3) The complex in delivering
escapes the endosome and releases materials other
the target material in the than nucleic
cytoplasm 4) (Optional) the acids
complex facilitates nuclear
transport before release of the
target material.
Cell penetrating This category encompasses all Can Often requires
peptides (CPPs) methods that involve the use of facilitate covalent
polypeptide sequences to induce delivery of modification of
delivery of the target material. The some target material,
majority of these methods involve structurally much material
the following steps: 1) the CPP is diverse remains trapped
(often covalently) attached to the materials, in endosomes
target material 2) The complex is potential for
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endocytosed by the desired cell 3) in vivo
The complex escapes the applications
endosome and releases the target
material in the cytoplasm 4)
(Optional) the complex facilitates
nuclear transport before release of
the target material.
Electroporation Cells are exposed to an electrical Ease of use, Toxicity,
field to induce the formation of capable of limited success
temporary pores in the cell addressing with proteins
membrane. Electrophoretic and/or some and
diffusive effects then facilitate the challenging nanomaterials
transport of material in the primary
surrounding environment into the cells and
cell cytoplasm. materials
Microinjection Cells are physically punctured by a Theoreticall Low throughput
microneedle to facilitate direct y capable of prohibits use in
cytoplasmic delivery of the target delivering most
material. any material applications
to any cell
type
Sonoporation Cells are exposed to ultrasound to Ease of use, Toxicity, early
induce the formation of temporary capable of stage
membrane disruptions that addressing technology has
facilitate the entry of the target some not
material into the cytoplasm challenging demonstrated
primary potential
cells and beyond
materials electroporation
Viral Viral vectors are engineered to Effective Significant risk
carry the gene of interest to the gene in clinical
target cells. delivery for applications,
most cell limited to gene
types delivery only
[24]
Table 4. This table was generated based on literary sources (33, 35-37) and our interactions
with collaborators that have used the described techniques for challenging applications.
The symbols correspond to the following delivery methods: arrow for microinjection, lightening
for electroporation, cloud for nanoparticles, and squiggle for CPPs. The level of shading of each
symbol indicates the qualitative degree of efficacy demonstrated in the respective applications. If
a symbol is not present it indicates no consistent reports of successful use of a technique for that
application. Note that much of this information is based on our experience interacting with
numerous groups as a comprehensive search of the literature for all delivery methods is a
challenge.
Immune Stem Cells Neurons Fibroblasts, Cell Lines
Cells Epithelial cells,
et c.
Nucleic Acids
~C) no
Proteins/Peptides
Small Molecules
Nanomaterials
In this work, we describe a method for cytosolic delivery based on rapid mechanical deformation
of the cell to produce transient membrane disruptions that facilitate the passive diffusion of
material into the cell cytosol. This method was developed with the aim of delivering almost any
macromolecule of interest to almost any cell type, at high throughput. Although scrape loading
and shear-based delivery methods have been demonstrated previously, they are unsuitable for
some applications due to low viability and/or delivery efficiency (38-40). However, such
injury/diffusion based delivery methods do have the advantage of high throughput (as compared
to microinjection) and independence from exogenous materials or fields. Our proposed technique
is distinct from previous methods because it uses a physical constriction to deform and shear the
cells in a controlled, reproducible manner, thus minimizing cell death while allowing one to
optimize for delivery efficiency. Unlike the aforementioned delivery methods, this approach
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does not rely on electric fields, exogenous materials, endocytosis or chemical modification of the
target molecule. Our data indicate that this method could be particularly advantageous for
applications involving nanomaterials, proteins, or difficult-to-transfect cell types, such as
immune cells and stem cells - all of which are often underserved by current methods.
This work covers the application of our delivery approach to the following areas:
1) Protein-based cell reprogramming
2) Quantum Dot delivery
3) Antigen presentation for cancer vaccines
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V. Delivery by Rapid Mechanical Deformation
I. Hypothesis
We hypothesize that the rapid mechanical deformation of a cell, as it passes through a
constriction with a minimum dimension smaller than the cell diameter, results in the formation of
transient membrane disruptions or holes (Figure 1). The size and frequency of these holes would
be a function of the shear and compressive forces experienced by the cell during its passage
through the constriction. Material from the surrounding medium may then diffuse directly into
the cell cytosol throughout the lifespan of these holes. Such an approach could theoretically
enable the diffusive delivery of any macromolecule small enough to fit through the holes. To
implement this approach, we generated a family of microfluidic devices with different
constriction dimensions and numbers of constrictions in series.
II. Design
Each device (Figure 1, Figure 2) consists of 45-70 identical, parallel microfluidic channels,
containing one or more constrictions, etched onto a silicon chip and sealed by a Pyrex layer. The
width and length of each constriction (defined in Figure 4) ranges from 4-9um and 10-50um
respectively. The current design is typically operated at a throughput rate of 20,000-100,000
cells/s, yielding close to one million treated cells per device prior to failure by clogging. The
parallel channel design was chosen to increase throughput, while ensuring uniform treatment of
cells, because any clogging or defects in one channel cannot affect the flow speed in neighboring
channels. As illustrated in Figure 3, the device is operated at constant pressure. Prior to use, the
device is first connected to a steel interface (Figure 1) that connects the inlet and outlet
reservoirs to the silicon device. A mixture of cells and the desired delivery material is then
placed into the inlet reservoir and Teflon tubing is attached at the inlet (not shown). A pressure
regulator is then used to adjust the pressure at the inlet reservoir and drive the cells through the
device. Treated cells are collected from the outlet reservoir.
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Figure 1. Delivery mechanism and system design. a) Illustration of delivery hypothesis
whereby the rapid deformation of a cell, as it passes through a microfluidic constriction,
generates transient membrane holes. Includes an electron micrograph of current parallel channel
design with blue cells as an illustration. b) Image of a finished device consisting of Pyrex bound
to silicon for sealing. Scale bar at 2mm. c) Illustration of the delivery procedure where cells and
delivery material are mixed in the inlet reservoir, run through the chip, and collected in the outlet
reservoir. The mounting system consists of stainless steel and aluminum parts interfaced to the
chip by inert 0-rings. Scale bar is 10mm.
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Device nomenclature
Width and length vary across device designs and are determined by the chrome mask used in the
lithography step. Depth is uniform throughout the channel and is determined by the deep reactive
ion etching step, typically 15um-20um. Device types are indicated by a series of numbers, e.g.
30um-6umx5, where each number indicates length, width and number of constrictions
respectively. The latest versions also have a series of letters that follow the numbers, e.g. 10-
6x5iS. 'I' indicates a design where the cells flow through wider channels before being
subdivided into narrower channels as they approach the constriction. 'S' indicates that the device
is symmetrical, i.e. the direction of flow through the device does not matter. 'g' indicates that the
constriction has a 900 angle of approach as opposed to a funnel shape.
Defining delivery efficiency
The control sample is exposed to the same delivery solution, at the same concentration, for at
least the same amount of time as the cells treated by the device. To compensate for
autofluorescence, surface binding and endocytosis we define the delivered region (unshaded
region) such that only the top 1-5% of live control cells fall into this region. The delivery
efficiency of a sample thus corresponds to the percentage of live cells that are in the delivered
region. As illustrated in Figure 4, the device does not appear to cause appreciable
autofluorescence in detection ranges typical for FITC, Pacific Blue, or APC. Based on
experiments in HeLa cells, note that any autofluorescence due to the device is much smaller than
the contribution from endocytosis. As illustrated in Figure 5, the approach does not appear to
affect auto-fluorescence in immune cells either.
Device recovery
The estimated recovery rate of cells, i.e. the percentage of cells recovered in the outlet relative to
the total number of cells placed in the inlet, is 50-90%. This measure accounts for cell losses due
to dead volumes, cells sticking in the device/reservoirs or cells that have been reduced to debris.
The recovery rate is dependent on cell type, cell concentration, chip type and the number of runs
a chip has previously performed (i.e. residual clogging). Generally, new chips with wider
constriction designs, operating at cell concentrations of ~10 6 cells/ml yield the highest recovery
rates. For example, the HeLa cell experiments described herein had typical recovery rates of 80-
90%. From our experience, the biggest factor that can reduce the recovery rate is residual
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clogging from previous runs if the same chip is being used
(~100,000 cells per sample).
Initial channel split to reduce
clogging and resistance to flow
for over 5 independent samples
Final channel split with
rounded corners
name
Figure 2. Device layout. This graphic depicts the design of the latest generation of 'iS' devices.
These devices are symmetrical and have been designed to ensure uniform flow velocities across
the ~70 parallel channels.
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Figure 3. Schematic of the pressure system used to interface with the devices. Most of these
components, except for the plastic holders were available off the shelf.
Reagent use
Our use of delivery material, i.e. concentration of target material in the cell suspension is
comparable to commercially available electroporation methods such as the Neon Transfection
System (Invitrogen, USA) and the Nucleofector (Lonza, USA). In contrast to nanoparticle
methods, the target material is not conjugated to any other materials and thus can be recovered
from the cell solution by centrifugation after delivery. This practice was used to recycle more
valuable target materials, such as quantum dots.
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Figure 4. Defining delivery. a) Definition of constriction dimensions illustrated in an SEM
image. b-c) Definition of delivery efficiency. b) Sample fluorescence intensity histogram (from
flow cytometry) of a control/endocytosis HeLa cell population that is exposed to cascade blue
conjugated 3kDa dextran and c) one that is treated by a 30um-6um device. d) Treatment of HeLa
cells by the device alone (i.e. in the absence of dyes) did not lead to a significant change in
fluorescence relative to the endocytosis case; hence the endocytosis control was selected for
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gating purposes. We chose the 1 Oum-6umx5 devices since these generally yielded the highest
delivery efficiencies in HeLa cells.
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Figure 5. Autofluorescence in immune cells. Autofluorescence histograms for cells treated by a
30um-5umx5 device in the absence of pacific blue or fluorescein dyes. These data demonstrate
that there is no significant change in auto fluorescence in these channels due to device treatment.
Note that the macrophages were stained with a FITC tagged antibody to CDl lb.
III. Governing parameters
We identified cell speed, constriction dimensions and number of constrictions as three
parameters that influence delivery efficiency (defined as the fraction of live cells that receive the
delivery material, see Figure 4) by altering the shear and compression rates experienced by the
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cells. For example, delivery efficiency of membrane impermeable, cascade blue labeled 3kDa
dextran molecules to live HeLa cells increases monotonically with cell speed across different
constriction designs (Figure 6). Constriction dimensions also impact delivery; increasing the
constriction length from 20um to 40um almost doubled delivery efficiency at all operating
speeds, with minimal effect on viability (Figure 6). Decreasing constriction width had a similar
effect (Figure 9). Increasing the number of constrictions in series also increased delivery
efficiency such that a device with five 10um length constrictions in series outperformed a single
10um, 20um or 40um length design across all cell speeds. One could also treat cells multiple
times using the same device to enhance delivery (Figure 7), although this can lead to significant
loss in viability. In these data, the 0 mm/s data points correspond to our control case whereby the
cells undergo the same treatment as the other samples but are not passed through the device thus
reflecting any endocytotic or surface binding effects.
Project Outlook
A comprehensive optimization of constriction length, width, frequency, operating speed and
constriction geometry for each cell type could yield substantial improvements in delivery
performance.
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Figure 6. Delivery performance depends on cell speed and constriction design. Constriction
dimensions are denoted by numbers (e.g. 1 Oum-6umx5) such that the first number corresponds to
constriction length, the second to constriction width and the third (if present) to the number of
constrictions in series per channel. a) Delivery efficiency and b) cell viability 18 hours post
treatment as a function of cell speed for 40um-6um (o), 20um-6um ([) and 10um-6umx5 (A)
device designs. Efficiencies and viabilities were measured by flow cytometry after propidium
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iodide staining. All data points were run in triplicate and error bars represent two standard
deviations.
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Figure 7. Multiple delivery cycles. Delivery efficiency (3kDa dextran) and viability of HeLa
cells in response to multiple treatment cycles (within - 1min of each other) through a 10um-6um
device. Note that results from multiple delivery cycles are not analogous to treatment by a single
chip containing the equivalent number of constrictions in series (Figure 6).
IV. Cytosolic delivery by diffusion
As the majority of current nanoparticle and CPP-based delivery techniques are predicted to
exploit endocytotic pathways(41), we sought to rule out the influence of endocytosis in our
delivery mechanism. Confocal microscopy of cells treated with cascade blue conjugated 3kDa
dextran demonstrate diffuse cytosolic staining (Figure 8) as opposed to the punctate
characteristic one would expect of endocytotic methods(7). Moreover, when delivery
experiments are conducted at 4'C, a temperature at which endocytosis is minimized (42),
delivery efficiency is minimally affected by temperature for both 3kDa and 70kDa dextran
(Figure 9). Dextran delivery also demonstrated a dosage response across different operating
speeds (Figure 10). These data indicate that endocytosis is unlikely to be responsible for
delivery in this system.
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To test our diffusive delivery hypothesis, we characterized the delivery kinetics over time. In this
experiment, cells were treated by the device in the absence of delivery material and subsequently
exposed to cascade blue labeled 3kDa dextran at defined time intervals post-treatment. The
results indicate that 70%-90% of delivery occurs within the first minute after treatment
regardless of device design (Figure 8). The observed time-scale supports the hole formation
hypothesis as previous works on membrane repair kinetics have reported membrane sealing
occurring at about 30s after an injury is induced(43).
If delivery of material through the membrane disruptions is diffusive, material could be
exchanged into and out of the cell throughout the lifetime of the hole. To demonstrate
bidirectional transport of material across the cell membrane we conducted an experiment
consisting of 3 delivery cycles. Cells were first treated in the presence of 3kDa and 70kDa
dextran (cycle 1), washed with PBS and treated again in the absence of dextran (cycle 2), and
finally treated a third time in the presence of 3kDa and 70kDa dextran (cycle 3). The changes in
normalized fluorescence intensity demonstrate a net diffusion of dextran into the cells during the
first cycle, out of the cells during the second, and back in during the third (Figure 8). These
results are thus consistent with the diffusive delivery hypothesis.
Furthermore, we demonstrated the functionality of the delivered materials by producing dosage
dependent, sequence specific fluorescence knockdown in GFP expressing HeLa cells (Figure 8
and Figure 9). Although Lipofectamine 2000, a commercially available transfection reagent,
achieved greater knockdown efficiencies, one must account for the prolonged delivery period of
Lipofectamine particles (cells were incubated overnight) relative to the device's 2-5min poration
window. Device design and operating parameters were not optimized for siRNA delivery prior to
performing these experiments.
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Figure 8. Diffusive delivery mechanism. a) Scans of different horizontal planes of a HeLa cell
after the delivery of cascade blue conjugated 3kDa dextran, as measured by confocal
microscopy. Note that 3kDa dextran is small enough to enter the nuclear envelope(44). Scans
read from top to bottom, then left to right where the top left is at z=6.98um and bottom right is at
z=-6.7um. Scale bar represents 6um. b) Live cell delivery efficiency of 1 Oum-6um (0), 20um-
6um (o), 30um-6um (A), and 40um-6um (0) devices. The time axis indicates the amount of time
elapsed from initial treatment of cells before they were exposed to the target delivery solution.
All results were measured by flow cytometry 18 hours post-treatment. c) Average intensity of
the delivered cell population normalized by untreated cells to control for auto-fluorescence.
[37]
4
0
o 10m-6um
o 20urn6um
A 30unmum
0 40um-6unm
I4
01 234 56 7 8 9
Time (min)
10 11 12
15-
5-
E
(0
U) U))( XE E
E E
E
C
0
0.
E
b)
I
9
Fluorescein conjugated 70kDa dextran and cascade blue conjugated 3kDa dextran are delivered
to the cell (cycles 1 and 3) and removed from the cell (cycle 2) in consecutive treatment cycles.
The control represents cells that were only exposed to the delivery solution and not treated by the
device. d) Gene knockdown, as a function of device type and cell speed, in live destabilized GFP
expressing HeLa cells 18 hours after the delivery of anti-eGFP siRNA at a delivery concentration
of 5uM. Lipofectamine 2000 was used as a positive control and scrambled controls were run at
500mm/s on a 10um-6umx5. All data points were run in triplicate and error bars represent two
standard deviations.
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Figure 9. Additional validation of mechanism. a) Effect of device width on delivery
efficiency. Flow cytometry data of the delivery efficiency of 1OkDa fluorescein labeled dextran,
delivered at 150mm/s, using 10um-6um, 30um-6um or 30um-8um devices. b) Delivery
performance at 20*C vs. 4'C. Cascade blue labeled 3kDa dextran and fluorescein labeled 70kDa
dextran were delivered to HeLa cells at 4C or at room temperature (20'C). For the 4*C
condition, cells and the device were kept on a cold plate (set at 4'C) for 5min prior to delivery,
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the delivery procedure was conducted on the plate, and the collected cells were subsequently
incubated for 5min on ice before being seeded onto a cell culture plate and incubated at 370C.
The room temperature samples were kept at room temperature for all steps of the procedure prior
to being seeded onto a cell culture plate and incubated at 37'C. The resulting live cell delivery
efficiencies, measured by flow cytometry 18 hours post-delivery, indicate no major differences
in delivery performance for either target molecule. These results would indicate that material
uptake is not an active process as most active endocytotic processes are arrested or severely
diminished at 4'C. c) Knockdown specificity. Gene knockdown due to anti-eGFP siRNA and
scrambled controls delivered to HeLa cells expressing destabilized GFP. The 10um-6umx5
device was operated at a cell speed of 500mm/s, Lipofectamine 2000 was used as a positive
control, and the results were measured at 18 hours post-treatment. Control cells were only
exposed to the delivery solution but not treated by the device. The ~30% knock-up in gene
expression in the Lipofectamine 2000 scrambled control is an artifact that we have observed in
studies involving destabilized-GFP expressing HeLa cells. Rounded cell morphology due to
treatment by Lipofectamine 2000 would indicate that treatment with these particles is causing
significant amounts of cell stress, which could contribute to the observed GFP up regulation.
Although this problem could potentially be removed with further optimization of Lipofectamine
treatments, it is likely a consequence of using a toxic agent(45) in the sensitive destabilized-GFP
assay. Experiments with eGFP expressing HeLa cells showed consistent knockdown after
treatment by the device and had less pronounced artifacts (~10% knock-up) in Lipofectamine
2000 controls.
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Figure 10. Dosage response. Increasing buffer concentrations of 70kDa dextran yield higher
delivery without causing a change in the baseline endocytosis rate (0 psi). Note that one of the
data points at Opsi corresponds to the untreated control.
Modeling Diffusion
A simplified, 2D diffusion model was developed in COMSOL to simulate the passive diffusion
of material into a cell across a porous membrane (Figure 11). Using literature values for particle
diffusivities inside and outside the cell cytoplasm(46), we were able to qualitatively recreate the
experimental results of Figure 8c with diffusion as the only mode of mass transfer. Moreover, by
fitting our experimental data to this model, we estimate that the final concentration of delivery
material in the cell cytosol is within 10-40% of the buffer concentration.
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Figure 11. Simulation of diffusive delivery, a) Simulation results indicating the percentage of
material delivered/lost from the cell as a function of membrane diffusivity when the material of
interest is in the buffer (c) or in the cell (o) at the time of poration. b) Graphical representation
of the simulated system and the concentration gradient that forms across the membrane if
material is delivered from the buffer (red area) to the cell (blue area).
The 2-D COMSOL model of our diffusive delivery mechanism consists of a 1 2um diameter cell
enclosed by a 100nm porous membrane. The cell is surrounded by a buffer solution 1 2Oum in
diameter. Cytosolic and buffer diffusivities of dextran molecules and proteins were obtained
from the literature(46). The effective membrane diffusivity was assumed constant throughout the
delivery process (modeled at 30s) and was the only variable that needed to be fit experimentally.
We simulated the case of delivery material diffusing into a porated cell that is suspended in a
buffer containing delivery material. In this case, the amount of material delivered to the cell is
expressed as the percentage of material delivered to the cell relative to the maximum possible
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delivery if the cell environment were allowed to equilibrate with its surrounding. We also
simulated the case of delivery material diffusing out of a previously delivered cell into a clean
buffer (i.e. one with no delivery material). In this case the loss of material from the cell is
expressed as the percentage of material lost from the cell cytosol relative to its original content.
These results are summarized in Figure 11a.
Our data indicate that for membrane diffusivities below 2x 10-14 m2/s all the material delivered in
one delivery cycle cannot be removed in a second, identical cycle where there is no delivery
material in the buffer. The experiments (Figure 8c) estimate an average 20-40% loss of material
when a previously delivered cell is porated in the absence of delivery material (cycle 2). This
information corresponds to the material loss plot in Figure 11 and can be thus used to estimate
the corresponding membrane diffusivity at 1x10-' -4x1 0-5 m2/s. Furthermore, assuming the
extent of poration in cycle 1 is similar to that in cycle 2, these membrane diffusivities would
estimate that the final intracellular concentration of material is 20-40% of the buffer
concentration. Because our typical operating range is 106-107 cells/ml the total cell volume is
1%-0.1% of the total solution volume, hence, it was deemed unfeasible to directly measure
changes in buffer fluorescence as a result of delivery.
As seen in Figure 11, the concentration gradient during delivery largely forms at the membrane.
This indicates that membrane diffusivity is the dominant delivery parameter in this operating
range. The results of our modeling are thus insensitive to initial assumption on dye diffusivity in
the cytosol and the surrounding buffer.
Project Outlook
This work provided valuable, population averaged, insight to the diffusive delivery mechanism.
In light of further studies described in this chapter, however, this model was deemed too
simplistic to account for some subtleties in individual cell behavior.
V. Two-tiered delivery
A particle's size (or hydrodynamic radius) affects its diffusivity and its ability to enter membrane
pores of a particular size. Thus, this parameter should critically affect delivery efficiency in our
proposed pore formation/diffusion mechanism. In a series of experiments, we delivered 3kDa,
1OkDa, 70kDa, 500kDa, and 2MDa dextrans conjugated to fluorescein or pacific blue.
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Fluorescein labeled plasmids (Figure 13) estimated at 3.1 MDa were also delivered. These model
molecules were selected based on their similarity in molecular weight to delivery materials of
interest. 3kDa-10kDa dextran, for example, should be of similar size to some short peptides or
siRNA, while the 70kDa-2MDa range could mimic the size of most proteins and some small
nanoparticles. Our experiments have shown that molecules larger than 70kDa have a different
delivery profile relative to 3kDa dextran (Figure 12). The device appears to produce a two-tiered
delivery where a 10um-6umx5 device operated at 500mmi/s, for example, enables over 90% of
live cells to receive the 3kDa molecules, while only 50% receive the larger 70kDa and 2MDa
molecules.
The histograms corresponding to these flow cytometry data indicate that 3kDa dextran delivery
produces two distinct peaks (Figure 12b). In the first subpopulation, cells exhibit mild delivery
levels as observed by a peak shift relative to controls (controls account for endocytosis and
surface binding as described earlier for the Omm/s data points) with a 2-6x increase in average
fluorescence intensity. In the second population, cells exhibit enhanced delivery levels
corresponding to a 20-100x increase in average fluorescence intensity relative to controls. This
effect may indicate that the latter subpopulation of cells was more severely porated than the
former, hence enabling an almost 10x increase in material influx. Indeed, as illustrated by the
300mm/s, 500mm/s and 700mm/s curves, increasing the treatment severity, by increasing
operating speeds, appears to increase the proportion of cells with enhanced delivery. One
observes a similar characteristic for the delivery of larger 70kDa dextran molecules (Figure
12c). The effect is less pronounced, however, as the lower particle diffusivity and possible size
exclusion effects reduce the overall quantity delivered. The mild delivery population (first peak)
only shows a 1.5-2x increase in average fluorescent intensity as compared to the 2-6x observed
in the 3kDa case. This effect could account for the discrepancy in the delivery data in Figure 12a
as in the case of larger molecules the mild delivery population could be difficult to distinguish
from controls based on our definition of delivery (Figure 4). As a result, for larger molecules,
such as the 70kDa and 2MDa dextran, one largely measures the second, enhanced delivery
population.
[43]
Project Outlook
The data in this section were obtained using an operating buffer composed of PBS+ 3% FBS +
1% F-68 pluronics and could be replicated in a buffer composed of PBS + 10% FBS. The
double-peak phenomenon could not be replicated in full cell culture media, DMEM, or PBS
alone as the running buffer. The results with PBS+ FBS were repeatable however, indicating a
difference in delivery behavior inherent to the running buffer. This phenomena is the subject of
future investigation as it appears that PBS+FBS buffers enable improved delivery of larger
molecules.
a)
b)
*
100
80
60
40
20
0
100%-
50%-
0% -
-D- 3kDa
-0 - 70kDa
S.A- -2MDa
0 200
Speed (m/ns)
c) 1
x
400 600
0 102 103 10 4  105
Pacific Blue-A
Figure 12. Two-tiered delivery of material. a) Live cell delivery efficiency, as a function of
speed, for HeLa cells treated with Pacific Blue conjugated 3kDa (o), fluorescein conjugated
70kDa (o) and 2MDa (A) dextran. This experiment was conducted with a 1 Oum-6umx5 chip. All
[44]
data points were run in triplicate and error bars represent two standard deviations. b,c) Histogram
overlays of flow cytometry data for HeLa cells that are untreated (red), treated at 700mm/s
(green), treated at 500mm/s(orange), treated at 300mm/s (light blue), or only exposed to the
delivery material(control, dark blue). The delivery material consisted of b) pacific blue
conjugated 3kDa dextran and c) fluorescein conjugated 70kDa dextran.
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Figure 13. Delivery of plasmids by rapid mechanical deformation. EGFP encoding plasmids
(5kbp) (Aldevron) were labeled with a fluorescein tag (Mirus) and delivered to HeLa cells using
a 30um-6um device at 30psi (uncertain about exact operating pressure). These data indicate an
estimated 15% cytosolic delivery efficiency to live cells relative to controls. In separate,
unlabeled plasmid delivery experiments we did not observe any GFP expression, indicating that
the DNA may not have entered the nucleus. Note that these data were obtained using early
versions of the device and therefore are probably not representative of the latest generation of iS
chips when operated at high pressures.
VI. Membrane disruption mechanism
Preliminary work to determine the mechanism of delivery was done with fluid dynamic
simulations in COMSOL. In this work, we modeled fluid flow in the constriction region and
tracked the response of different candidate delivery parameters to changes in constriction
dimensions and inlet pressure (Figure 14). The goal was to identify potential flow-related
variables/parameters that correlated with delivery behavior and could thus serve as a quantitative
basis for design optimization. These parameters were validated based on four qualitative tests:
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1) Increase with constriction length: Our experimental data had consistently indicated that
an increase in constriction length corresponded to an increase in delivery efficiency.
Therefore any potential governing parameter must increase monotonically with
constriction length.
2) Decrease with constriction diameter/width: Our experimental data had consistently
indicated that an increase in constriction width (or diameter) corresponds to a decrease in
delivery efficiency. Therefore, any potential governing parameter must increase
monotonically with decreasing constriction width.
3) Higher value in design B vs. design A: Our experimental data had consistently indicated
that, when operated at 1 / 1 0 th the pressure, design B could obtain similar or higher
delivery efficiencies than an equivalent design A chip. Therefore, any potential governing
parameter must increase monotonically with decreasing constriction width.
4) Increase with inlet pressure: Our experimental data had consistently indicated that an
increase in inlet pressure corresponds to an increase in delivery efficiency. Therefore any
potential governing parameter must increase monotonically with inlet pressure (or cell
speed).
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Table 5 details the results of these studies. Among the parameters investigated, compression rate
x L emerged as the most likely candidate parameter that determines delivery efficiency.
Compression rate was calculated by estimating the rate at which the cell is compressed from its
original diameter to the diameter of the constriction. Because these studies do not account for
membrane properties and the effects of the cell cytoskeleton, one cannot conclusively establish a
delivery parameter from this work. However, these data do indicate that the physical deformation
of the cell probably plays a significant role in the delivery process, independently of any fluid
shear effects.
Preliminary attempts to image the deformation phenomenon were unsuccessful. In these
experiments, high-speed cameras with a frame rate of ~20,000 Hz were unable to capture a
sufficient number of frames to study the deformation process. Assuming that an average cell is
travelling at 500mm/s through the constriction (roughly corresponding to a 50psi inlet pressure
for a 10um-6um design), one would require a 500 kHz frame-rate to capture 10 images of the
cell as it transits through the constriction.
Design A
Delivery material
Pinlet
Design B
Figure 14. Test parameters for determining membrane disruption mechanism. This figure
illustrates the 4 criteria that were used to evaluate the relevance of candidate delivery parameters.
Length (L), width/diameter (D), and driving pressure (Pinlet) have been addressed previously.
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Changes in constriction design were also tested, the pinhole approach in design B yielded similar
performance to design A at 1/ 1 0 th the operating pressure.
[48]
Table 5. Delivery parameters and qualitative tests. Each row represents a candidate delivery
parameter which may correlate with delivery performance while each column presents the results
of testing that parameter against observed device performance. 'N' indicates the parameter failed
to pass that test, while 'Y' indicates the results were consistent.
Increase Decrease Bigrfor B Inraewt
with L with D than for A P(inlet)
V_avg *L Y Y N Y
Avg shear rate *L Y Y N Y
Cell compression rate *L Y Y Y Y
V_avg * t N N N N
Avg shear rate *t Y Y N Y
Cell compression rate *t Y Y Y
Cell Compression rate N Y Y Y
Project Outlook
Although this work yielded informative qualitative results, it could not provide quantitative
insights to the system, e.g. values for membrane shear in response to deformation, that would
allow the different hypotheses to be tested experimentally. Further work involving complex
simulations of the cell membrane, the cytoskeleton, and their 3-D response to the deformation
geometry could provide the necessary quantitative insights. Such challenging modeling work
was perceived to be out of our immediate area of expertise.
VII. Imaging of membrane disruptions
Electron microscopy techniques were used in an attempt to directly observe membrane
disruptions as a result of treatment by the device. Based on previous reports of sonoporation
producing visible membrane disruptions(47, 48), we believed our system may produce similar
observable structures. Initial work focused on the use of an environmental scanning electron
microscopes (FEI/Philips XL30 FEG ESEM) to allow for imaging of uncoated samples. These
experiments did not yield any consistent evidence of membrane pores and we subsequently
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transitioned to a higher resolution SEM (JEOL 5910 General Purpose SEM) that required gold
coating of the cell samples.
Figure 15 details our results from these SEM studies. We were unable to consistently identify
pore structures in the device treated case as compared to the untreated case. Direct Observation
of potential membrane disruptions was complicated by the creased surface morphology of
untreated cells. This feature made it difficult to distinguish between shading artifacts and
credible pore structures in the membrane. However, the membrane of cells fixed post treatment
was substantially smoother than untreated cells. This characteristic had also been observed in
previous sonoporation studies and can potentially be attributed to a relaxation of membrane
tension in response to membrane disruptions(47). Cells fixed 20min after treatment showed
evidence of recovering their creased surface morphology, thereby indicating that this
phenomenon occurs on a similar time scale to delivery (Figure 8) and is hence likely to be
linked to membrane disruption and recovery.
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Figure 15. SEM images of fixed cells at different time points post-treatment. HeLa cells
were fixed with a glutaraldehyde solution after treatment by the device in accordance with
previously reported methods (47). The fixation involved addition of 100 ul of an aqueous
solution of glutaraldehyde (initial concentration: 25% v/v) to 500 Al of the cell suspension 5 and
10 s after initiation of the US exposure (which lasted a total of 10 s). The cells were washed with
PBS, re-suspended in 2 ml of glutaraldehyde solution (5% v/v), and kept for 10 min at room
temperature in a microcentrifuge tube. The cells were then washed successively in ethanol
solutions containing, respectively, 30%, 50%, 70%, 95%, 100% and 100% v/v of alcohol in
water. Cells were kept in each solution for about 20 min and the ethanol solution was removed
by mild centrifugation for 5 s. Finally, 15 ul of the cell suspension was mounted on metal grids
and left at room temperature overnight prior to gold coating by the imaging core staff. The
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contrast in morphology between treated and untreated cells was observed consistently across at
least 2 independent experiments.
To increase the resolution of our images and improve potential pore detection, we used
transmission electron microscopy to study cross-sectional slices of fixed cells. These studies
yielded images of potential membrane disruptions ranging from 50nm to 500nm in size (Figure
16). These data support our hypothesis on a diffusive delivery mechanism after mechanical
disruption of the cell membrane. It would also indicate that one could not expect to observe these
disruptions in our previously described SEM studies as that technique would not have been able
to resolve 50nm structures. Unfortunately, because these imaging techniques are used with fixed
cell samples it was not possible to differentiate between viable and unviable cells during the
imaging process. Although transit through ~50nm disruptions could explain much of the
observed diffusive delivery behavior, it is difficult to assess whether cells with ~500nm
disruptions were able to survive and recover from the treatment. These studies provided
promising evidence in support of our membrane disruption mechanism and future TEM studies
could improve our understanding of the disruption mechanism.
Project Outlook
Our TEM imaging work was terminated due to logistical difficulties with the Whitehead imaging
facility that performed the bulk of the epoxy embedding, sectioning and imaging work. The
average turn-around time of 2 months was difficult to accommodate in our studies. However, the
direct study of membrane disruptions has significant potential in correlating treatment conditions
to disruption size and closure kinetics. Continuing this work could provide direct in-sight into the
delivery mechanism and enable the development of improved approaches to delivery.
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Figure 16. TEM images of cells fixed <1s after treatment with gold nanoparticles. Left)
Arrows indicate possible membrane disruptions -50nm in diameter. Right) Brackets indicates
possible membrane disruption -500nm in diameter. These images were obtained as part of the
experiments involving gold nanoparticle delivery (Figure 21). Images a) and b) are from one
experimental set and c) and d) from a second independent one. The scale bars are at 1 00nm (c-d)
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and 500nm (a-b). To prepare cells for imaging, cells were fixed in 2.5% (w/v) glutaraldehyde,
3% (w/v) paraformaldehyde, and 5.0% (w/v) sucrose in 0.1M sodium cacodylate buffer (pH 7.4).
After an overnight fixation, the cells were post-fixed in 1% (w/v) OsO4 in veronal-acetate buffer
for 1 h. They were then stained en bloc overnight with 0.5% uranyl acetate in veronal-acetate
buffer (pH 6.0), dehydrated, and embedded in Spurr's resin. Sections were cut on a Reichert
Ultracut E (Leica) at a thickness of 70 nm with a diamond knife. Sections were examined with an
EM410 electron microscope (Phillips).
VIII. Applicability across cell types
To investigate the versatility of the technique we assessed its ability to deliver model dextran
molecules to several cell types that are traditionally difficult-to-transfect, especially immune
cells and stem cells. Fluorescently labeled 70kDa and 3kDa dextran were chosen for these
experiments because they are similar in size to many protein and siRNA molecules respectively,
easy to detect by flow cytometry, and have minimal surface binding effects as they are
negatively charged. Using various device designs we were able to deliver dextran molecules to
newborn human foreskin fibroblasts (NuFF), primary murine dendritic cells, and embryonic stem
cells (Figure 17). These experiments yielded minimal loss (<25%) in cell viability and
preliminary results in murine embryonic stem cells indicate that the method does not induce
differentiation (Figure 18). In further studies, we isolated white blood cells (buffy coat layer)
from murine blood by centrifugation and treated them with the device. B cells, T cells and
Macrophages, as differentiated by antibody staining, indicated successful delivery of both 3kDa
and 70kDa dextran (Figure 17, Figure 19, Figure 20). Thus far the device has been successfully
used in over 15 cell types (
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Table 6).
The preliminary evidence for a poration and diffusion based mechanism of delivery, and the
functionality of delivered materials (Figure 8) would indicate that these dextran delivery data
should be representative of the expected cytosolic delivery efficiency for a protein or siRNA
molecule of interest that is of similar size. Device designs (e.g. constriction length, width, and
frequency) have not been optimized for any of the aforementioned cell types and we thus expect
that further studies will yield improvements in viability and delivery efficiency. To date, we have
not encountered a cell type that is recalcitrant to dextran delivery by this technique.
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Figure 17. Applicability across cell types. a) Delivery efficiency and viability of NuFF cells
treated with a 30um-6um device to deliver 3kDa and 70kDa dextran. b) Delivery efficiency and
viability of spleen isolated, murine dendritic cells treated with a 10um-4um device to deliver
3kDa and 70kDa dextran. c) Delivery efficiency and viability of murine embryonic stem cells
treated with a 10um-6um device to deliver 3kDa and 70kDa dextran. d) Delivery efficiency of
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3kDa and e) 70kDa dextran to B-cells (CD 19*), T-cells (TCR-B*) and Macrophages (CD 11b+)
isolated from whole mouse blood by centrifugation and treated by 30um-5um and 30um-5umx5
devices at 1000mm/s. 3kDa and 70kDa dextran were labeled with cascade blue and fluorescein
respectively. All data points were run in triplicate and error bars represent two standard
deviations.
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Figure 18. Morphology and gene expression of mESCs following treatment by rapid
mechanical deformation. a) Images of control cells that did not flow though the device. b) Cells
that were treated by a 30um-6um device once, c) twice, or d) three times in succession. e) PCR
gene expression profile of POU5 and ALP for cells treated by rapid mechanical deformation.
Typically these genes would be down regulated significantly (usually >5x) in
differentiating/differentiated cells(49). Data is normalized by the expression levels of untreated
cells. Single mESCs were able to form colonies within 24 hours after treatment and exhibited
normal undifferentiated mESC colony structure throughout a two week follow-up. Scale bar at
200um.
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Figure 19. Fluorescence intensity histograms for immune cells treated by a 30um-5umx5 or
30um-5um device to deliver cascade blue labeled 3kDa dextran and fluorescein labeled 70kDa
dextran. These histograms correspond to the data presented in Figure 17.
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Figure 20. Delivery and viability data for separated immune cells. Murine T cells and B cells
were isolated from the spleen by Dynabead separation (Invitrogen). Monocytes/macrophages
were isolated from the peritoneal cavity and antibody stained for CD 11b during analysis. All
cells were treated by a 30um-5umx5 device at 1.2m/s. Delivery efficiency of fluorescein labeled
70kDa dextran, cascade blue labeled 3kDa dextran and cell viability (as measured and propidium
iodide staining) were measured by flow cytometry 2 hours after delivery.
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Table 6. A list of primary cell types and cell lines that have been successfully treated using
our system. In our experiments, fluorescently labeled 70kDa and 3kDa dextran molecules are
used to mimic the delivery of proteins and siRNA respectively. These model molecules were
selected due to their ease of detection. The cell diameter values listed in the table indicate the
average diameter of a typical population as measured by a Countess (Invitrogen) cell counter.
Cell Type Primary/ Average Optimal Delivery by Rapid Mechanical
Immortalized Cell Tested Device Deformation
Diameter Type
Narve B cell (mouse) Primary 7um 30um-5umx5 Dextran
Naive B cell (human) Primary 10um-4um Dextran
B cell Plasmablast (human) Primary 10um-6umx5iS Dextran, Self-replicating RNA
DC 2.4 (mouse) Immortalized 10um 10um-6umx5 Dextran, Protein
Dendritic cell (human) Primary 10um-6um Dextran
Dendritic cell (mouse, Primary 8um 10um-4um Dextran, Protein
spleen)
Dendritic cell (mouse, bone Primary 9um 30um-6um Dextran, Protein
marrow)
Mesenchymal stem cell Primary 10um-7umiS Dextran
Embryonic stem cell Primary 1 lum 30um-6um Dextran
(mouse)
Fibroblasts (human, Primary 12um 30um-6um Dextran, Protein, DNA
multiple sources)
HeLa (human) Immortalized 12um 10um-6umx5 Dextran, siRNA, Protein, DNA,
nanoparticles, Quantum Dots,
Carbon Nanotubes, mRNA
HT-29 (human) Immortalized 12um 30um-6um Dextran, nanoparticles
Monocytes (mouse) Primary 8um 30um-5umx5 Dextran
PANC-1 Immortalized 10um-7umiS Dextran
SK-MEL-5 (human) Immortalized 15um 10um-6um Dextran, nanoparticles
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Naive T cell (human) Primary 10um-4um Dextran, siRNA
Activated T cell (human) Primary 10um-4um Dextran, siRNA
Activated T cell (mouse) Primary 10um-6umx5iS Dextran, siRNA
Naive T cell (mouse) Primary 7um 10um-4um Dextran, siRNA
IX. Flexibility in addressing different delivery material
In order to illustrate our method's potential in addressing current delivery challenges, we
conducted a number of proof-of-concept experiments in possible applications ranging from cell
reprogramming(4) to carbon nanotube based sensing(50). In addition to the application specific
materials detailed in this and following chapters, this method has demonstrated the successful
delivery of Apolioprotein E, bovine serum albumin, self-replicating RNA(51), GFP-plasmids,
and labeled tris-NTA(52) compounds.
The delivery of PEG1000 coated, 15nm gold nanoparticles was verified by tunneling electron
microscopy (TEM) of HeLa cells (Figure 21a, b). The nanoparticles appear to be mostly un-
aggregated and are not visibly sequestered into endosomes. In these images, we also observed
tentative evidence for various defects in the cell cytoplasm which could be the proposed holes
responsible for delivery. We have also demonstrated high throughput, non-cytotoxic delivery of
quantum dots directly to the cell cytosol(53) - a goal that current techniques have struggled to
achieve. Furthermore, we were able to verify the successful delivery of carbon nanotubes(50)
(wrapped with a DNA oligonucleotide) by flow cytometry and Raman spectroscopy (Figure 21c,
d). Antibodies to tubulin were also delivered (Figure 21e, f) using this technique, yielding a
diffuse distribution throughout the cell that would be consistent with cytosolic delivery. The
aforementioned materials are currently difficult to deliver to the cell cytosol and each material
often requires a specialized modification to facilitate delivery. In our work, all four materials
were delivered to HeLa cells using the same set of conditions on a 1 Oum-6umx5 device.
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Figure 21. Nanomaterial and antibody delivery. a, b) TEM images of gold nanoparticles
(some indicated by arrows) in cells fixed ~1s after treatment by a 1Oum-6umx5 device. Scale
bars at 500nm. c) Delivery efficiency and viability of HeLa cells treated with a 10um-6umx5
device to deliver cascade blue labeled 3kDa dextran and Cy5 labeled, DNA wrapped, carbon
nanotubes. d) Bright-field cell images overlaid with Raman scattering in the G-band (red) to
indicate delivery of carbon nanotubes in treated cells (left) vs. endocytosis (right). Scale bars at
2um. e) Fluorescent micrograph of a HeLa cell 18h after delivery of cascade blue labeled 3kDa
dextran (middle panel) and antibodies to tubulin with an Alexa Fluor 488 tag (right panel). Scale
bars at 3um. f) Delivery efficiency and viability of HeLa cells treated with a 10um-6umx5
device, at 500mm/s, to deliver Alexa Fluor 488 labeled anti-tubulin antibodies. Delivery
efficiency at different antibody concentrations is compared to an endocytosis control at 1 00ug/ml
and untreated cells.
X. Summary
In this intracellular delivery method, we hypothesize that transient membrane disruptions are
formed by rapid mechanical deformation of a cell as it passes through a microfluidic
constriction. Our data support this notion by demonstrating diffuse cytosolic staining, siRNA
functionality and the bidirectional movement of material across the disrupted membrane (Figure
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8). Moreover, this effect appears to be applicable across a wide range of cell types (Figure 17),
especially those that are difficult to treat with current methods, as we have demonstrated
successful delivery in primary fibroblasts, embryonic stem cells and a range of immune cells.
This result lends further support to our initial conjecture that physical methods are inherently
more translatable across cell types as they are dependent on fewer cell characteristics. In the
future, by better understanding the effects of shear and compressive forces throughout the
deformation process, one could potentially generate a family of devices with each optimized for
a particular range of cell types and applications.
This delivery mechanism provides a number of potential advantages over existing methods.
Similar to electroporation(22) and microinjection(28), it is a membrane disruption based
mechanism and hence does not rely on exogenous materials, chemical modification of payloads
or endocytotic pathways. In contrast to electroporation, however, it does not rely on electrical
fields which have had limited success in protein delivery(26), can damage target material(8), are
dependent on the electrical charge of target material(54), or cause cytotoxicity(21). Indeed
current results have demonstrated relatively high viability in most applications and there is no
underlying mechanism by which sensitive payloads, such as quantum dots or proteins, could be
damaged. In the following chapters, direct comparisons to existing methods illustrate the ability
of this approach to enhance biological activity.
XI. Device design guidelines for new cell types
Throughout our work, we used different device designs for specific cell types and/or delivery
applications. Table 7 contains a complete list of existing constriction designs. Although we have
not conducted a comprehensive optimization of these designs, we have developed the following
experimental guidelines in selecting and optimizing designs for specific applications. When
using these guidelines, please note the following:
" Our pressure system was limited to a maximum estimated cell speed of 1.2m/s (120psi).
There may be advantages/disadvantages to flowing at even higher speeds.
" The relations between the parameters mentioned below and delivery efficiency/viability are
often non-linear. Moreover, an increase in delivery efficiency need not be offset by a
decrease in viability or vice-versa, as illustrated in Figure 6.
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* These guidelines were developed based on our experience with a variety of cancer cell lines,
primary cells, immune cells, and stem cells. They are thus designed to guide optimization for
different cell types. One often does not need to optimize designs to accommodate different
delivery materials, especially if they are of similar size. However, we have found that harsher
constriction designs tend to improve the delivery of larger target molecules (e.g. quantum
dots).
Design Parameters:
" Width: We have found that delivery and viability are most sensitive to this parameter. When
designing a device for a particular application, this should be the first parameter to optimize.
In HeLa cells, for example, we found a 6um width to be preferred, while a 4um width kills
all target cells. An 8um width, on the other hand, produces minimal delivery (Figure 9). As a
starting point, we recommend selecting a constriction width that is 50% smaller than the
target cell diameter.
" Length: Delivery efficiency often increases monotonically with constriction length (Figure
6). Preliminary experiments have indicated that constrictions longer than 90um can lead to
excessive clogging issues. Increases in delivery efficiency as a result of longer constrictions
can, however, be offset by a reduction in cell viability.
" Number of constrictions: Increasing the number of constrictions in series increases delivery
efficiency and cell death (Figure 6). Although we noticed significant improvements in
performance when going from one constriction to five. Going from five to ten did not appear
to produce proportionally better delivery.
* Speed: Cell speed is a more easily adjustable delivery parameter. Delivery efficiency and cell
death increase monotonically with cell speed (Figure 6). This makes it a reliable method to
adjust delivery efficiency/viability for a given device design. Due to the limitations of our
pressure system, we have not explored estimated speeds above 1.2m/s.
" Non-constriction parameters:
o In the past we have attempted to incorporate filter structures to reduce clogging in
the device. These structures often consisted of a series of posts placed at the
entrance to the individual flow channels. These features did not appear to have a
significant benefit and were thus removed.
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o The iS design scheme (Figure 2) is our latest design which enables fully
reversible operation of the chip. Simulations also indicated that this design had
more consistent flow speeds across individual channels thereby ensuring more
uniform treatment of cells by the device (Figure 22).
Table 7. A list of current device designs that have been tested in various applications. Note
that for each device design the numbers indicate constriction length, constriction width and
number of constrictions respectively.
Library of device
30um-8um
1Oum -6um
20um -6um
30um -6um
40um -6um
1Oum -6um x5
10um -6um xlO
10um-7um
10um-7umx5
designs
30um-6um x5
lOum -5um
30um -5um
30um -5um x5
30um -5um x1O
1Oum -4um
1Oum -4um x5
10um-8um
1Oum-9um
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Figure 22. COMSOL multiphysics simulations of fluid flow in the 'iS' and 'I' design
schemes. The earlier 'I' designs were found to have a 2-3x variability in flow speed across cell
channels. The newer 'iS' design provides a longer entry region for the flow profile to fully form
before it is split into smaller channels. In this design, flow speeds across channels were within
20-30% of each other.
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V. Robust, High-Throughput Cytosolic Delivery
of Quantum Dots
I. Background
Engineered nanomaterials have immense potential as live cell imaging tools, therapeutic
molecular delivery agents, or even as ways to manipulate live cells with external handles such as
light or magnetic fields (55). But much of these potential applications require that nanomaterials
be delivered into the cell cytosol. For example, quantum dots (QDs) as fluorescent labels have
provided new insights into cellular processes such as the dynamics of receptor proteins (13, 56).
However, these applications have thus far been limited to proteins localized on the outer cell
membrane. Most nanoparticles, such as QDs, need to be passivated with a polymer that renders
the nanoparticles soluble in aqueous media, and this also generally prevents them from passively
diffusing across the cell membrane. Microinjection and nanoneedle injection(57) of
nanoparticles is considered impractical due to specialized equipment/skills required and low
throughput (58), while electroporation(59) may cause QD aggregation inside the cell. Therefore,
most attempts to deliver QDs into the cell cytoplasm have relied on QDs being endocytosed by
the cell and escaping from the endosome. Osmotic lysis of endosomes(60), endosome escape by
positively charged polymers(61) and cell-penetrating peptides(60), and liposome-mediated
delivery (62) have demonstrated some cytosolic delivery as supported by evidence including
diffuse staining patterns on confocal microscopy. Unfortunately, all suffer from some
combination of low reproducibility, low cell viability, incomplete endosome escape, and poor
delivery efficiency. In addition, such approaches require achieving a well-controlled dual
conjugation of an intracellular delivery handle and a cytosolic protein-targeting handle on the
same nanoparticle, which can be difficult. Despite reports of reliable cytosolic delivery of gold
nanoparticles(5), quantum dots have yet to be delivered into the cell cytoplasm in a robust and
scalable manner (63).
Because QD delivery into the cell cytoplasm has remained difficult, the utility of QD fluorescent
labels in cell biology has been limited to fixed cell imaging or membrane protein labeling (63) of
live cells(56). Fluorescence microscopy has provided countless insights into cellular architecture,
biomolecule interactions, and protein localizations thanks to brighter, more stable fluorophores
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and fluorescent proteins (FPs). FPs in particular can be genetically encoded, ensuring labeling
specificity and proper intracellular localization. However, FPs have shortcomings that may be
complemented by the photostability, broad absorption bandwidth, high absorption coefficient,
and narrow emission of QDs (64). For example, QDs are emerging as strong candidates for
single-molecule, long-term tracking studies in fluorescence microscopy because QDs provide an
order of magnitude higher brightness than FPs and are more photostable (63, 65). Unlike FPs,
QDs are exogenous to the cell and thus need a conjugation handle that binds specifically to the
protein of interest, in addition to being directed into the cellular compartment where the protein
resides. Recent work has addressed the issue of specific conjugation through methods such as
antibody targeting, streptavidin-biotin labeling schemes, HaloTag-chloroalkane and acyl carrier
protein-acetyl CoA labeling (66, 67). In this chapter, we address this cytosolic delivery challenge
by using our cell squeezing technology to deliver quantum dots to the cytosol and we confirm
their delivery by observing their interaction with the cytosolic environment(68).
I. QD delivery into the cytosol
In this application, we combine the microfluidic device with a new generation of recently
described biologically compatible QDs (69) (Figure 23a). The QDs used throughout this study
were coated with a poly-imidazole ligand (PIL) comprised of multiple metal-chelating imidazole
groups and multiple water-solubilizing, passivating poly (ethylene) glycol (PEG). The particular
PIL that coated the QDs imaged in Figure 23b had no functionality other than providing
biocompatibility through PEG groups. Confocal microscopy images show that HeLa cells,
detached and round after flowing through the microfluidic device, have diffuse cytoplasmic QD
staining throughout different z-sections of the cell (Figure 23). The diffuse staining persists even
after 48 hours, following incubation and adherence of the cells at 37 'C in 5% CO2. The diffuse
QD fluorescence is dimmer at 48hrs, likely due to cell division. The device delivered QDs (~13
nm hydrodynamic diameter) into ~40% of the live cell population at a throughput rate of
~10,000 cells/s (Figure 24). Cell viability was >80% as measured by flow cytometry (Figure
24). The viability of treated cells as measured by flow cytometry, the diffuse staining on the
confocal images, and the cell's ability to adhere are consistent with delivery of QDs into the
cytoplasm of a live cell.
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Figure 23. a) Hypothesized method of entry for nanoparticles. Images not to scale. (b) Overlay
of transmission and confocal fluorescence images, followed by z-section confocal fluorescence
images of treated cells delivered with QDs. Top, immediately after treatment and bottom, after
48 h incubation at 37 *C and 5% CO2. The diffuse staining pattern is constrained to the
cytoplasm and the nanoparticles appear not to enter the nucleus (dark region within the cell).
Scale bar is 10 gm.
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Figure 24. Delivery efficiency and viability after device treatment. a) Viability of HeLa cells
upon delivery of plain QD535 by the device, as measured by propidium iodide staining and flow
cytometry. b) Far-field view of plain QD535 treated HeLa cells showing increase in cell density
from 0 h to 48 h after treatment, demonstrating cell proliferation. c) Delivery efficiency into
HeLa cell cytosol upon device treatment with QDs coated with PIL.
To confirm that the fluorescence indeed arises from QDs delivered to the cytosol as opposed to
QDs sequestered in endosomes, we designed a nanoparticle engineered to change its emission
profile upon interaction with the reducing environment of the cytosol. The reduction potential
inside the cell cytoplasm is -260 to -220 mV and is primarily dictated by the maintenance of high
concentrations (5-10 mM) of the tripeptide glutathione (70). Therefore, by measuring the
fluorescence of a QD-dye construct whose emission changes when exposed to the cytosolic
environment, we can simultaneously determine the localization and chemical accessibility of the
delivered nanoparticles. We engineered a QD-dye construct comprising of a green emitting QD
()1emission = 541 nm) that acts as an energy donor to a carboxy-X-Rhodamine (Rox) dye (%emission =
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610 nm), conjugated through a reducible disulfide bond (Figure 25). Thiol groups that were
incorporated into the PIL formed disulfide bonds with thiolated Rox dyes. The absorbance
spectrum of the purified construct has absorbance features of both QD (green arrow) and Rox
(red arrow) at an average of 13 Rox dyes per QD, effectively quenching the QD fluorescence.
This construct serves as an irreversible sensor of the specific reducing environment in the
cytosol. When the QD is selectively excited by a laser at 488 nm (microscopy) or 405nm (flow
cytometry) while the disulfide bridges are intact, the construct undergoes FRET so that Rox
emission in the red dominates. In a solution assay, the cellular reductant glutathione cleaves the
disulfide bridges, releasing Rox dyes and allowing the QD fluorescence to recover (Figure 25d).
The non-thiol based reductant tris-(2carboxyethyl) phosphine also allows QD fluorescence
recovery, indicating that the release of Rox from the QD surface is not via PIL displacement by
glutathione. Rox fluorescence may not completely disappear due to some of the disulfide bridges
being sterically hindered by long PEG groups on the PIL, and due to some small amount of non-
specific interaction between the dye and the QD surface.
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Figure 25. Construct design, absorbance, and stability in various media. (a) A schematic of
the free poly-imidazole ligand (PIL) prior to conjugation with the dye and coating the QDs (left),
and of the resulting QD-disulfide-Rox construct (right) (image not to scale). (b) The absorbance
spectrum of the QD-disulfide-dye construct. Excitation at 488 nm and at 405 nm provided
exclusive absorption by the QDs throughout the experiment. (c) The stability of fluorescence
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energy transfer from QD to Rox for the construct in full culture media at 37 'C and 5% CO2,
demonstrating that the disulfide bond is not cleaved in the extracellular environment. (d)
Cleavage of the disulfide bond by the cytosolic reductant glutathione, as shown by the recovery
of QD fluorescence. (e) Recovery of QD fluorescence upon treatment by the non-thiol reductant
tris (2-carboxyethyl) phosphine, further supporting the cleavage of the disulfide bond.
Changes in the fluorescence profile of the construct, as measured by flow cytometry and
confocal microscopy, were used to confirm the delivery of QD-disulfide-Rox constructs to the
cell cytoplasm. When exposed to the reducing cytosolic environment, the cleavage of the
disulfide bonds disrupts the FRET process from the QD to the dye. Therefore, upon exclusive
excitation of the QD, QD channel fluorescence increases while Rox channel fluorescence
decreases with time. Live HeLa cells were treated by the microfluidic device in a solution with a
high concentration of QD-disulfide-Rox, incubated for 5 minutes, and washed to remove excess
QDs before adding cell culture media (these are referred to below as the treated cells). Control
cells were incubated with QD-disulfide-Rox for 5 minutes instead of being treated by the
microfluidic device, and washed before being placed in cell culture media. The Rox and QD
channel fluorescence of these treated and control cells were observed by both confocal
microscopy and flow cytometry.
Under the confocal microscope, the diffuse fluorescence that appears across the cytoplasm of
treated cells progresses from strongly red to strongly green (Figure 26a). Control cell images
show some non-specific binding on the outer membrane as demonstrated by the ring-shaped
fluorescence, and there is no increase in green channel signals. These effects are consistent with
the expected cleavage of cytosolic disulfide bonds which reduce the FRET effect. In Figure 26b,
the line graph plots the average QD and Rox channel intensity per cell after correcting for cell-
to-cell differences in delivered fluorescent material by normalizing for total fluorescence, for
treated and control cells and autofluorescence. For treated cells, the graph shows a cross over
between 2-4 hours of incubation where the QD fluorescence rises above the Rox fluorescence.
Interestingly, the treated cell Rox signal is shown to stabilize above autofluorescence levels after
9 hours. This is consistent with results from solution assays, where some FRET remained after
reduction. The observed diffuse staining and increase in QD signal and reduction in Rox signal
strongly support cytosolic delivery and subsequent disulfide bond cleavage. The QD
[73]
fluorescence in control cells, quenched by FRET to the Rox, appears indistinguishable from
autofluorescence (Figure 26b, Figure 27). The control cells display some Rox fluorescence
above autofluorescence at early time points, which then steadily decreases. This is attributed to
non-specific interactions between QD-S-S-Rox and the surface of the cell, followed by re-
solvation of the constructs into the medium.
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Figure 26. Live cell confocal microscopy images and fluorescence intensity analysis
demonstrating cytoplasmic staining and chemical accessibility of QD surface. (a) Images of
treated cells (top) and control cells (bottom). The appearance of diffuse green fluorescence is
present only in treated cells. Scale bar is 10 pm. (b) Change in intensity as a function of time in
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the green and red channels. Because n<20 at each time point, fluctuations in total average
fluorescence were corrected by normalizing to the 0 h time point.
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Figure 27. a) Example QD and Rox channel confocal overlay images in the of cells that were
incubated, but not delivered, with QD-S-S-Rox (top) and autofluorescence from cells that were
completely untreated (bottom). b) line graph of average absolute QD and Rox intensities in these
cells. Scale bars are 10 tm.
Flow cytometry measurements (Figure 28) confirm that the QD-disulfide-Rox constructs can
interact with the cytosolic environment. Flow cytometry measurements were recorded on all live
cells, encompassing both delivered (~35% of the treated cell population) and undelivered cells.
Figure 28a shows the average fluorescence per cell of the treated and control populations. The
average QD fluorescence rises initially for the treated cells, peaking at ~9 hrs and falling
gradually thereafter, in contrast to the QD fluorescence of the control cell population, which
stays comparable to autofluorescence levels. This is consistent with the cytosolic reduction of
disulfide bridges between the QD and dye inside the treated cells followed by dilution of
fluorescence constructs by cell division. The Rox fluorescence for both the treated and control
cells start high and drop within the first 2 hrs. This drop is attributed to the re-solvation into the
medium of particles that had become bound to the cell surface during incubation. The average
Rox fluorescence in the treated cell population appears similar to control cells due to the
presence of undelivered cells within the treated population. The presence of both delivered and
undelivered cells within the treated population can be distinguished in the histograms of QD and
Rox intensity (Figure 28b). With increasing time, the fluorescence histograms become bimodal
for treated cells but stay unimodal for control cells. QD fluorescence rises with time in a subset
of the treated cell population, further supporting the disruption of the FRET process in the
cytosol of treated and delivered cells. Rox fluorescence decreases overall as membrane-bound
constructs are re-solvated into the medium, but a subset of the treated cell population retains Rox
fluorescence. This is consistent with the incomplete reduction of QD-S-S-Rox bonds observed in
confocal microscopy. The viability of the treated cell population, as measured by propidium
iodide staining, is within 10% of the control population at all time points (Figure 28c). Our cell
viability of >90% relative to the control group compares favorably to alternative methods such as
electroporation and polymer-based methods, which have yielded post-treatment viabilities as
variable as 0-50%(71) and low as 40-60%(72), respectively.
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In further validation experiments, we confirmed that the delivery does occur at refrigerated
temperatures (when endocytosis is suppressed, Figure 29) and it is concentration dependent
(Figure 30). Moreover, independent repetitions of these experiments yielded a similar temporal
profile for disulfide bond reduction (Figure 31).
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Figure 28. Flow cytometry measurements of average cell fluorescence and viability. a)
Average fluorescence of QD (top) and Rox (bottom) per cell, showing an increase in QD
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fluorescence only in treated cells. Rox fluorescence in both treated and control cells is at
autofluorescence levels by the 24 h time point. b) Histogram of the distribution of fluorescence
intensities among treated and control cells at select time points, in the QD channel (left) and Rox
channel (right). QD delivery is estimated to have occurred in at least 35% of the cell population.
Grey areas are meant to guide the eye in the movement of fluorescence intensity histogram
peaks. c) Viability of control and treated cells as measured by propidium iodide.
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Figure 29. QDs are delivered into HeLa cells at 4 *C, when biological processes are
arrested. Control group was incubated in PBS, and indicate autofluorescence levels. Inlet groups
were allowed to sit inside the microfluidic device but were not flown through the channels. (a)
Delivery efficiency of QD540 QD fluorescence measured by flow cytometry, and (b) viability of
treated, control, and inlet group cells. In these figures, the first number indicates the temperature
at which delivery was performed and the second indicates the temperature at which the cells
were allowed to recover for 5minutes prior to washing the QDs.
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Figure 30. Delivery efficiency measured at 5uM, luM, 500nM and 100nM QD
concentrations during HeLa cell treatment with the microfluidic device. Inlet groups were
allowed to sit inside the microfluidic device but were not flown through the channels. Note that
delivery concentrations as low as 1 OnM were detectable by microscopy.
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Figure 31. Reproducibility of cytoplasmic delivery as shown by flow cytometry
measurements of two independent delivery experiments with the QD-S-S-Rox
nanoparticles. Average fluorescence of QD (a) and Rox (b) per cell, showing an increase in QD
fluorescence only in treated cells. Rox fluorescence in both treated and control cells is at
autofluorescence levels by the 24 h time point.
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III. Single QD tracking in cell cytosol
The QD delivery platform also enabled single molecule imaging by delivering unaggregated QD-
disulfide-Rox constructs, as the observed emission intermittency is consistent with single QDs
(73). For this experiment, QD-disulfide-Rox constructs were delivered into the cytosol followed
by a 10 hour incubation and imaged on an epifluorescence microscope. The 10 hour incubation
ensured that the QD fluorescence from inside the cytosol has recovered via disulfide bond
reduction; epifluorescence microscopy was used to ensure that enough photons are collected. We
observed several blinking QDs when cells were treated by the device at low QD concentrations
(Figure 32). Intensity traces of blinking QDs in the cytosol, shown in the bottom panel of Figure
32, appear non-binary as a result of long acquisition bin times (500 ms). Translational cell
movements were deemed minimal during the time frame of the acquisition (~1 min). This proof-
of-concept experiment highlights the possibility of observing single molecule events within the
cell cytosol by delivering QDs as fluorescent labels using this device.
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Figure 32. Epifluorescence imaging of unaggregated single QDs within the cell cytosol after
device treatment with a 10 nM QD solution (top), and blinking traces of the three QDs labeled A,
B, and C (bottom, green lines) with autofluorescence (bottom, grey lines). QD blinking traces
appear to be non-binary due to long acquisition bin times (500 ms). Scale bars are 10 ptm.
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IV. Summary
In summary, we have demonstrated nanoparticle delivery into the cell cytosol using our
microfluidic platform. By observing the cleavage of QD-disulfide-Rox by cytosolic reductants,
we show that the nanoparticle surface interacts with cytosolic components. The delivery platform
enables us to deliver QDs into the cell cytoplasm at high throughput without any cell penetrating
or endosome escaping ligands, or laser ablation(74), while conserving cell viability and QD
integrity. The delivery efficiency of 35% may be further increased by increasing the number of
microfluidic constrictions, changing constriction dimensions, or increasing the number of
treatment cycles. Unlike most of the current cell penetrating peptide or positive charge-assisted
delivery methods, our approach does not require dual conjugation of an intracellular delivery
handle and a cytosolic protein-targeting handle on the same nanoparticle. By dispensing the need
for the former, we mitigate the concerns of cross-reactivity, unequal reactivity efficiencies of
conjugation strategies, and conjugation stoichiometry. Therefore, we garner significant flexibility
in QD construct design, paving the way for intracellular protein labeling and tracking. We expect
this method to enable cytosolic delivery of many fluorescent nanomaterials with complex
designs that target intracellular proteins and organelles through proven protein-targeting
strategies such as streptavidin-biotin, HaloTag-chloroalkane, and sortase tagging (66, 67).
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VI. A Microfluidic Platform for Protein-based
Reprogramming
L Background
Stem cells play a critical role in current research in regenerative medicine, especially within the
rapidly expanding field of tissue engineering. Induced pluripotent stem cells (iPSCs) are of
particular interest due to their capacity for self-renewal, demonstrated ability to differentiate into
any cell type, and autologous (patient specific) characteristics. Thus, iPSCs provide an
opportunity to derive multi-lineage progenitor cells from a common pluripotent source which
may be combined into distinct yet interactive tissue compartments. Moreover, these cells could
eventually obviate the need for human embryonic stem cells (hESCs) in clinical applications thus
avoiding many of the moral and ethical debates that have plagued these cell types. Furthermore,
patient-derived iPSCs may avoid or minimize the immune rejection problems of hESC-derived
cells. Thus, current research is largely focused on devising efficient, virus-free, protocols to
produce large numbers of iPSCs.
iPSCs were originally generated by reprogramming adult murine and human fibroblasts to a
pluripotent state based on retro-viral overexpression of the 4 transcription factors Oct 3/4, Sox2,
c-Myc and Klf4 (75, 76). These iPSCs are not only largely identical to ES cells in global gene
expression, DNA methylation, and histone modification, but are also able to differentiate into
cell types representing all 3 germ layers (77, 78). While iPSC technology has enormous potential
for biomedical research and cell-based therapy, major obstacles must be overcome to realize its
full potential. For instance, most iPSC lines have been derived from various somatic cells by
retroviral or lentiviral introduction of reprogramming factor-encoding genes, resulting in
multiple chromosomal disruptions by viral vector integration, any of which may cause genetic
dysfunction and/or tumor. In addition, reprogramming transgenes (in particular, c-Myc and Klf4)
are closely associated with oncogenesis raising the possibility that its residual expression and/or
reactivation may cause tumor formation. Thus, many laboratories recently explored different
genome non-integrating approaches such as adenoviruses, episomal vectors, mRNAs, and
microRNAs (79-83). Notably, two groups showed that iPSCs can be generated by direct delivery
of the four reprogramming factors (Oct 3/4, Sox2, c-Myc and Klf4) fused to cell-penetrating
[84]
peptides (CPP) (4, 84). While Sheng Ding and his colleagues reported generation of mouse
iPSCs by delivery of four CPP-fused factors expressed in E. coli (84), Kim et al showed that
human iPSCs can be generated by four CPP-fused factors expressed in mammalian cells (4).
However, both studies reported that the reprogramming efficiencies of protein-based
reprogramming is <0.01%. Since protein-based reprogramming does not involve any type of
genetic material (DNA or RNA) and vector vehicle (virus or plasmid), direct delivery of proteins
may provide one of safest reprogramming procedures. Indeed it has been shown that protein-
based human iPSCs efficiently generated functional dopamine neurons without abnormal
properties associated with viral genome integration (85). Therefore, if the efficiency of protein-
based reprogramming can be improved by our approach using the delivery platform technology,
it will widely open the possibility to generate clinically viable iPS cells. Moreover, this approach
could enable a finer level of control over cellular function by circumventing the stochastic
processes that govern translation and/or transcription in mRNA, plasmid and viral
reprogramming. Direct protein delivery may thus provide two fundamental advantages over
alternative methods by obviating the risk of mutagenic insertion and enabling more accurate
control of the highly sensitive reprogramming process.
Intracellular delivery is a cornerstone of many biological research applications ranging from
fundamental studies of gene expression, to disease mechanisms and, as addressed in this
application, generation of iPSCs. Established delivery methods, such as liposomes, polymeric
nanoparticles and electroporation often involve the use of exogenous compounds as a delivery
vehicle (or electric fields in the case of electroporation) and are material and/or cell specific (21,
86). For example, lipofectamine (Invitrogen) can deliver DNA and RNA molecules (to subsets of
cell lines or primary cells) but cannot form the proper complex to deliver proteins or other
macromolecules. Electroporation, on the other hand, although promising in its ability to target a
variety of cell types, causes damage to the cell due to the high electric fields and has had limited
success in protein delivery(26, 27). This makes it particularly unsuitable for the multiple
transfections required in iPSC generation, for example. Cell penetrating peptides(4) is another
delivery technique that is largely specific to proteins. These peptide-based methods, however,
have unpredictable effects on protein functionality and suffer from significant protein
degradation/trapping in the endosome.
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Our delivery technology has demonstrated its ability to deliver macromolecules at high
efficiencies to fibroblasts and stem cells. Moreover, its membrane disruption mechanism
eliminates the need for chemical modification or the use of exogenous compounds that are
involved in alternative protein delivery methods (16, 87, 88). Small molecules, siRNA and other
factors may also be co-delivered during reprogramming as the method is agnostic to the type of
material being delivered. This system thus provides a unique tool for inducing cell
reprogramming through direct protein delivery. This simple mechanism of action also enables
one to potentially predict and control delivery quantities with high accuracy, thus facilitating
optimization studies to improve our understanding of reprogramming dynamics and thereby
greatly increasing efficiencies. Eventually, one could potentially deploy this microfluidic
technique as a medical device to generate iPSCs for clinical tissue engineering and cell therapy
applications.
II. Protein Delivery
Figure 33a-c are quantitative FACS analysis demonstrating efficient delivery of fluorescent
dextran and FITC labeled bovine serum albumin (BSA), while maintaining high cell viability.
Note the difference in delivery efficiencies of different sized molecules can be attributed to the
lower diffusivity of large molecules. In these experiments, cells were incubated in 10mg/ml of
unlabeled BSA for 1 hour prior to treatment to minimize non-specific binding of the labeled
BSA to the cell surface. Figure 33d is a western blot of HeLa cell lysate following
Apolipoprotein E (ApoE) delivery. The ApoE, a non-native protein, appears to be present in
smaller quantities in control cells perhaps due to non-specific membrane binding or non-specific
endocytosis. Nevertheless, the microfluidic device demonstrates a marked increase in the amount
of delivered ApoE.
Our delivery approach also appeared to translate well to primary human fibroblasts that would be
relevant models for future reprogramming applications (Figure 34).
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Figure 33. Protein delivery by cell squeezing. FACS data from HeLa cells 24hrs after
simultaneous delivery of FD and FITC labeled BSA A) at 300mm/s, B) Omm/s control. Each
color coded quadrant differentiates between no delivery, 3kDa dextran delivery, 66kDa BSA
delivery, or both C) FACS data from the same experiment as A &B demonstrating delivery and
viability trends relative to cell speed. D) Detection of ApoE in HeLa cell lysate 24hrs after
delivery of the non-native protein.
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Figure 34. New born foreskin fibroblasts (NuFF) cells treated by a 30um-6um device in the
presence of 3kDa and 70kDa dextrans labeled with cascade blue and fluorescein
respectively. These data were measured by flow cytometry 18 hours after delivery and cell
viability was determined by propidium iodide staining.
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III. Delivery to embryonic stem cells
Figure 35, we also demonstrate the successful delivery of 1 OkDa dextran molecules to murine
embryonic stem cells (mESCs). These cells were then cultured and proliferated for 2 weeks in
mESC media on a feeder layer. The treated mESCs produced typical ES like colonies and
maintained their pluripotency despite having experienced 3 consecutive treatments (in the same
day), thus indicating that the rapid deformation mechanism does not activate differentiation
associated pathways independently. In addition, fluorescence images, such as those displayed in
Figure 35, have consistently demonstrated a uniform distribution of fluorescent dextran
[89]
throughout the cytosol. Thus lending further support to poration based delivery. Endocytotic
delivery pathways, on the other hand, should result in the localization of fluorescent dextran in
vesicles and endosomes. In addition, confocal microscopy experiments have demonstrated that
the fluorescent dextran was not localized on/near the cellular membrane thereby ruling-out any
non-specific membrane binding.
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Figure 35. Microfluidic delivery of fluorescently labeled dextran to mESCs. A) Quantitative
analysis of dextran delivery to mESCs as measured by FACS. B) Fluorescent micrograph and
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bright field image (C) of mESCs following fluorescein labeled lOkDa dextran delivery (50ptm
scale bar).
Similar results were obtained in human embryonic stem cells (hESCs). In our experiments,
hESCs were treated in the presence of dextran dyes to confirm delivery and viability of treated
cells (Figure 36). The results of our 70kDa dye studies indicate that one could potentially deliver
proteins to hESCs at high efficiency while maintaining cell viabilities above 50%. In further
work, we demonstrated evidence of siRNA mediated gene knockdown in GFP expressing human
embryonic stem cells (Figure 37), thereby illustrating the functionality of material delivered by
this method. SiRNA mediated knockdown in hESCs is challenging using existing delivery
technologies(89).
The results of our work with hESCs and mESCs indicate that the device does not induce
sufficient trauma to cause substantial death or differentiation of sensitive target cells. Moreover,
having demonstrated delivery in fibroblasts and hESCs, the start and end-point of
reprogramming, one could speculate that this technique would be applicable at any intermediate
stage of the reprogramming process. Therefore, our approach has the flexibility to introduce the
appropriate factor at the opportune stage of reprogramming to maximize efficacy. Moreover,
these results illustrate the potential of this system to address the challenges of intracellular
delivery involved in the study of pluripotent stem cells and the development of effective
differentiation methods(90).
Project Outlook
Our work with embryonic stem cells provided significant conceptual support to the notion that
we could potentially use this technique for cell reprogramming applications. However, delivery
to embryonic stem cells is in itself a significant challenge in the field. Hence, our preliminary
work with siRNA and dextran delivery has much potential for expansion to other applications
involving guided stem cell differentiation and understanding mechanisms of pluripotency.
Although we were interested in these aspects, we did not continue the embryonic stem cell work
as we lacked the funding/personnel to develop stem cell culture expertise in-house (nor did we
seek an appropriate collaborator). We were thus unable to build on these promising initial
findings.
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Figure 36. Delivery to human embryonic stem cells. Preliminary experiments with three
different device designs, 10um-6um, 30um-6um and l0um-5um yielded up to (a) 50% delivery
of 70kDa fluorescein labeled dextran. b) The viability of these treated cells remained above 50%
as measured by propidium iodide staining and flow cytometry. These results were measured on
the same day, immediately after delivery was complete.
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Figure 37. GFP knockdown in human embryonic stem cells. GFP expressing human
embryonic stem cells were treated with the listed device designs at 30 psi in the presence of 5uM
of anti-GFP siRNA (Ambion). The scrambled siRNA control experiments were run at the same
concentration. Error bars represent 2 standard deviations within the experimental replicates. GFP
knockdown was measured 48 hours post-treatment and non-viable cells were excluded by
propidium iodide staining.
IV. Multiple deliveries
One potential challenge in using our system for reprogramming experiments is the response of
cells to multiple treatment cycles. Specifically, one aspect that we sought to understand was
whether previous delivery events made cells more or less susceptible to subsequent delivery
events. In the context of protein-based reprogramming, this issue would be relevant over a 24 or
48 hour period as the reported protocols often treated cells within that time frame.
In our experiments with HeLa cells, the device was used to deliver a fluorescein conjugated
3kDa dextran on day 1 and a cascade blue conjugated 3kDa dextran on day 2. The results were
then measured immediately after the delivery on day 2 (Figure 38). By measuring the relative
number of cells in each delivery quadrant (i.e. fluorescein only, cascade blue only, both dyes,
and no dye),one could determine if cells treated on day 1 were more or less likely to have been
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successfully treated on day 2. The data in Figure 39 below indicates that previous delivery
events do not affect a particular cell's susceptibility to treatment a day later. Moreover, the
average fluorescence intensity of the delivered populations indicated that cells that had been
successfully treated twice had a lower average intensity of the fluorescein label as compared to
those that did not receive cascade blue on the second day. This observation would be consistent
with the results reported in Chapter 2 where we studied the efflux of material from the cytoplasm
of treated cells.
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Figure 38. Cell response to multiple delivery treatments. In this experiment, HeLa cells were
treated by a 30um-6umn device at 50psi over a period of 2 days. On the first day they were treated
with fluorescein labeled 3kDa dextran and on the second day they were treated with cascade blue
labeled 3kDa dextran. Results were measured on the second day, immediately after delivery, and
dead cells were excluded based on propidium iodide staining. The quadrants were drawn based
on endocytosis controls to indicate the delivery of each dye to the treated cells.
[94]
* Blue/ Total cells
M Blue+Green/Green total
10-6 Chip 30-6 Chip
Figure 39. Relative delivery efficiency of cells between the first and second treatment. These
data were obtained from experiments on HeLa cells using both 10um-6um and 30um-6um
devices as described in Figure 38. The blue bar illustrates the percentage of total cells that
received the 3kDa cascade blue dye on day 2 and the green bar illustrates the percentage of
successfully treated cells from day 1 (i.e. those that received 3kDa fluorescein) that also
received the cascade blue dextran on day 2. The similar delivery efficiency values would indicate
that cells successfully treated on day 1 were not any more or less likely to uptake material on day
2.
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Figure 40. Dextran efflux from treated cells. By comparing the fluorescein only population to
the fluorescein + cascade blue population in Figure 38, one can measure the efflux of fluorescein
labeled dextran. This graph represents the reduction in mean fluorescence intensity of the
cascade blue +fluorescein population relative to the fluorescein only population. The net
reduction indicates loss of fluorescein labeled dextran as a result of the second membrane
disruption event on day 2.
V. Cell Reprogramming
We examined our ability to deliver four transcription factors (Oct4, Sox2, c-Myc, and Klf-4) to
human fibroblast cells and compared our results to a CPP method(4). Our data show that in
addition to not relying on endocytosis, which can leave much material trapped in endosomes,
delivery by rapid mechanical deformation yields significantly higher delivery efficiency for all 4
proteins as measured by a western blot (Figure 41). Confocal imaging of cells treated by the
device indicate that the transcription factors appear to successfully localize to the nucleus after
treatment by the device whereas CPP's alone resulted in punctate staining characteristic of
endocytosis (Figure 42). Note that in these experiments, and all further reprogramming
experiments, the device was used with proteins that contain the CPP sequence to account for any
differences in functionality or stability resulting from the CPP tag. Based on our results related to
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the delivery mechanism, we do not expect the device to enhance delivery through the traditional
endocytosis mechanism that CPPs rely on.
Finally, to investigate the system's ability to affect gene transcription rates through the delivery
of these proteins, we partially replicated a previous reprogramming study using commercially
available (Stemgent) recombinant proteins(84). In these experiments, 105 NuFF cells (per
sample) were treated by the device (30um-6um at 500mm/s) or nucleofection (Invitrogen) in the
presence of 80ug/ml of recombinant c-Myc, Klf4, Oct4 and Sox2 (Stemgent). Treatment was
repeated once every 2 days with a media change every day as previously described. Due to dead
volumes, chip clogging and cell death, by the end of the 8 day treatment period the device cases
typically contained 104 cells while the nucleofection and CPP case contained 105 cells. After
treatment was complete, the cells were transferred to mTeSR-1 media (Stemcell) and the
emergence of transformed colonies (Figure 43) was monitored over a one month period after the
last treatment (Figure 41c).
Colony counts were performed at 16-18 days (device case) or 30-31 days (nucleofection and
CPP cases) post treatment. The difference in counting time reflects the earlier emergence of
colonies in the device case. The device was able to generate an average of 150 transformed
colonies per plate relative to 11 and 2 colonies for electroporation and CPPs respectively (Figure
44). These colonies expressed embryonic stem cell markers, such as Oct4, SSEA-4, Tra-1-60 and
Tra-1-81, and were capable of differentiating into all 3 germ layer cell types, as measured by
PAX6, SOX17 and BRACH staining (Figure 41, Figure 44). These results suggest that
transcription factors delivered by the microfluidic device are capable of affecting gene/protein
expression more effectively than existing alternatives such as CPPs and electroporation.
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Figure 41. Altering cell morphology and gene expression by cytosolic delivery of
transcription factors. a) A western blot analysis of c-Myc, Klf4, Oct4 and Sox2 delivery to
NuFF cells by cell penetrating peptides versus a 1 Oum-6um device. Each of the four proteins has
an additional 9 arginine (9R) groups to facilitate uptake. The lysate (Ly) columns correspond to
the protein content of cells that are washed and lysed while the media columns correspond to the
protein content of the media environment. b) Confocal microscopy images of NuFF cells fixed
after delivery of the reprogramming factors. The proteins are tagged using an Alexa 488
conjugated anti-FLAG antibody and the nucleus is stained by DAPI. Scale bat at 15um. c) A
progression of morphological changes from fibroblasts into colonies. White arrows indicate
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g) Expression of the human embryonic stem cell marker Oct4, SSEA-4, Tra-1-60 and Tra-l-81
in transformed colonies. Where appropriate, the small box represents a DAPI counter stain. Scale
bars at 100um.
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Figure 42. Fluorescent micrographs of fixed cells treated after treatment by the device (top)
or by CPPs only (bottom). The cell nucleus was stained with DAPI while an anti-FLAG Alexa
488 antibody was used to tag the target transcription factors. The punctate staining in the CPP
case indicates endocytotic trapping of much of the delivery material.
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Figure 43. Image of a reprogrammed colony (right) as compared to a human embryonic
stem cell. The morphology of the reprogrammed colonies is similar to the embryonic cells. Note
that the elongated cell morphology visible in the periphery is that of untransformed fibroblasts.
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Figure 44. Reprogramming efficiency and colony pluripotency. a) The average number of
colonies present in a sample plate after the delivery cycles have been completed. Averages and
standard deviations were calculated based on data from 2 independent experiments, each run in
duplicate. b) Alkaline Phosphatase (AP) staining of a colony transformed by the device(49). c)
Induction of differentiation was achieved by growing the iPS-like cells in suspension as
previously described(89). Briefly, iPS-like colonies were enzymatically dissociated form feeder
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layers and transferred to low adhesion petri dishes. Subsequently, the resulting embryoid bodies
(EB) were incubated in EB media (KO- DMEM (Gibco) with 20% knockout serum (Gibco),
1mM L-glutamine (Gibco), 0.14mM p-mercaptoethanol, and 1% NEAA (Gibco)) at 37 C. After 8
days, EBs were seeded on gelatin-covered chamber slides (Lab-Tek) and incubated for additional
10 days in EB media. IPS-like generation and cell differentiation were assessed by fluorescent
immunohistochemical staining according to suggested protocols for cell reprogramming
(Stemgent). All cells were fixed with 4% paraformaldehyde, permeablized with 0.1% Triton-X
and visualized with a Zeiss Axiovert 200 fluorescent microscope after staining. IPS-like EBs
were incubated with primary antibodies recognizing early human mesoderm marker brachyury
(1:50; Santa Cruz Biotechnology), definitive endodermal marker Sox17 (1:50; R&D Systems),
and Pax6 (1:100; Abcam) as markers for neuroectodermal cells. Nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI). Bound primary antibodies were detected by FITC-labeled
secondary antibody SC-2010 IgG-FITC (1:200; Santa Cruz Biotechnology).
[102]
VIII. Improving antigen presentation for cancer
vaccination
I. Introduction
Cell-based vaccines against cancer, composed of tumor antigen-loaded antigen presenting cells
(APCs), hold great therapeutic potential due to their ability to activate the patient's immune
system and drive a long-lasting, tumor-specific, CD8 T cell response (91). Obtaining a strong
cytotoxic CD8 T cell response has been the focus of much recent work as this pathway is thought
to be critical to effectively combatting cancer (92). Targeted cancer immunotherapies, such as
the recently approved Provenge* for prostate cancer(92), have minimal side-effects relative to
chemotherapies and radiation treatment. However, one of the main barriers to developing
effective vaccines has been achieving efficient loading of APCs with protein antigens for
presentation to CD8 T cells(93).
Traditionally, activation of a CD8 effector response differentiates from a CD4 response by the
location of the foreign protein entering the antigen presenting cell (e.g. dendritic cell). Proteins
endocytosed from the extracellular environment are processed and presented on MHC class II
receptors, which activate CD4 T cells, and proteins in the cytosol are processed and presented on
MHC class I receptors, which activate CD8 T cells. Thus, antigenic proteins delivered to the
cytoplasm induce a CD8 response while extracellular proteins captured by endocytosis induce a
CD4 response (Figure 45). Although it is understood that class-switching between MHC class I
and class II (or cross-presentation) can occur, the mechanism is inefficient at CD8 activation
(94). Since the mechanism of cross-presentation within antigen presenting cells remains elusive
(94), one must develop a reliable method of delivering the desired antigen directly to the cell
cytoplasm to advance therapies utilizing the potent effector CD8 response. Peptide-based
approaches that seek to overcome this problem by simply incubating the APC with the target
epitope have had some success(95), however, they require prior identification of an appropriate
immunogenic epitope and are ill-suited for cancers with unknown targets. A robust, effective
method of cytoplasmic delivery to APCs could thus be used as a platform to induce immune
responses against a variety of cancer types.
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Many existing intracellular delivery methods, such as nanoparticle vectors, rely on endocytotic
mechanisms and are thus best suited for inducing CD4 responses (96). Physical cell membrane
poration methods, however, are well positioned to induce a CD8 T cell response as they do not
rely on endocytotic pathways and deliver material directly to the cell cytosol. Electroporation,
for example, has shown some success in inducing a CD8 response by delivering antigen coding
mRNA to APCs (97). The disadvantage of an mRNA-based approach, however, is that it
requires prior protein sequence identification and the synthesis/validation of an appropriate
mRNA molecule. This limits its applicability to cancers with known antigens and validated,
stable mRNA sequences. Electroporation has also had limited success in protein delivery as it is
reported to rely on charge-based interactions to facilitate transport (54, 98).
By facilitating efficient delivery of antigenic proteins directly to the cell cytosol (Figure 46), our
delivery method can potentially overcome many of the challenges related to existing approaches
to CD8 activation by APCs. Electroporation-based methods, for example, use mRNA that codes
for the target antigen to induce a response. Although this approach has been effective in model
OVA systems, the use of mRNA for therapeutics is a challenge as the molecule is unstable and
requires prior protein sequence identification and synthesis/validation of an appropriate mRNA
strand. Endocytosis-based methods, such as antibody mediated(99) or vector mediated
targeting(100), on the other hand, often rely on an inefficient class switching mechanism to
present antigens on the MHC class I receptor. They can also potentially result in a dampening of
the eventual cytotoxic response by the emergence of regulatory T cells due to over presentation
of antigens on MHC class II receptors. Our microfluidic approach to antigen presentation has
much potential as it facilitates direct, diffusive delivery of the target antigen without the need for
prior sequence identification or mRNA synthesis. Moreover, because this method is non-
endocytotic, one can potentially control the extent of a CD4 response independently by
prolonging the exposure of the cells to the antigen after treatment.
I. Tumor lysate as a source of target antigens
The potential to use tumor cell lysate as a source of antigens is another advantage of our
microfluidic delivery approach. Most existing techniques to induce antigen presentation require
prior purification and identification of the target antigen (e.g. gp100 for melanoma). Some recent
studies have demonstrated the potential of tumor lysate to induce a protective response, thereby
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theoretically obviating the need for prior target identification(1 01). However, these methods rely
on inefficient endocytosis and cross-presentation mechanisms and have had limited success.
Because our delivery method is agnostic to the chemistry of the target material and does not
require prior modification to facilitate delivery, one could potentially use it to vaccinate against
unidentified targets (Figure 47) - a capability that would be particularly suited for cancers that
do not have any known, ubiquitous markers. Moreover, this approach will activate CD8 cells
against multiple targets thereby limiting the ability of tumor cells to develop protective
mutations. Indeed we envision a potential clinical application in which one can use biopsy
samples to generate tumor lysate, prime the patient's APCs with the device ex vivo, and induce a
powerful, multi-targeted, patient-specific response.
For example, a cancer patient may have a tumor that is unresponsive to traditional targeted
therapies. One could take a biopsy sample of the tumor, mechanically lyse the cells, and deliver
the resulting medley of proteins to an APC (e.g. a dendritic cell). The cell will then present a
variety of antigens on its MHC class I receptors based on its digestion of the lysate. Any self-
antigens will be largely ignored/tolerated by the immune system while mutated antigens will be
targeted by a CD8 T cell response. Thus, one could induce a targeted, patient-specific, systemic
response against the tumor without having prior knowledge as to the identity of the target. The
immune systems regulatory mechanisms will minimize any autoimmune responses while leaving
responses against cancer-specific antigens unencumbered. In addition, this approach would
theoretically facilitate responses against multiple targets as each nonself-antigen will activate a
separate set of CD8 T cells. As a result, one could potentially provide a potent patient-specific
response while eliminating the need for prior target identification and minimizing side effects.
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Figure 45. Antigen presentation pathways(102). An illustration of the MHC class I and MHC
class II antigen presentation pathways. MHC class I antigens are sourced from the proteasome
mediated degradation of endogenous antigen particles while MHC class II antigens are sourced
from exogenous antigens that have been endocytosed. Cross-presentation of endocytosed
antigens can occur in certain subsets of dendritic cells however the mechanism of this pathway is
not well understood and the process is inefficient.
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Figure 46. Delivery of fluorescein labeled ovalbumin to splenic dendritic cells derived from
the spleen of C57BL/6 mice. 3kDa, cascade blue dextran was co-delivered to the cells and
propidium iodide staining was used to differentiate viable cells by flow cytometry.
III. B cells as antigen presenting cells
B cell induced immunity and antigen presentation are of great interest due to their potential
clinical advantages relative to a dendritic cell-based approach(103). One challenge of DC-based
approaches to cancer vaccines is the limited availability of DCs in circulation. Existing DC-
based therapies thus rely on costly ex vivo protocols to expand a patient's DC population over 7-
10 days prior to treatment. By developing effective antigen presentation methods for B cells, one
could potentially circumvent the need for expensive expansion protocols and dramatically cut
treatment time. B cells are abundant in human blood and can be manipulated to induce cytotoxic
T cell responses; however, this process has been a challenge with existing technologies as B cells
do not present/cross-present their antigens as effectively as DCs. Our preliminary work has
yielded promising results illustrating the potential for B cells treated by our device to effectively
present antigens and induce antigen-specific CD8 T cell activation. Hence, we are eager to
develop our system as a potential B cell vaccination platform. As the microfluidic device is
compatible with whole blood, one could envision a system wherein the patient's B cells are
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treated by a machine in-line and immediately re-injected (conceptually similar to dialysis);
thereby providing a faster, more effective, low-cost alternative to existing DC vaccines.
By enabling robust access to the cytosol of DCs and B cells, our technology can not only
improve antigen presentation beyond the constraints of existing methods but also enable more
complex therapeutic strategies. For example, one could couple our protein delivery approach
with the delivery of siRNA or other small molecules to knockdown immunosuppressive
pathways and improve APC activity in the immunosuppressive tumor microenvironment.
Techniques developed throughout this work can also be used to study intracellular mechanisms
to improve our understanding of presentation/activation pathways. The project proposed herein
thus provides an opportunity to develop a novel, strategically important platform for
manipulating antigen presenting cells and can potentially enable new clinical avenues to
immunotherapy.
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Figure 47. Developing physical delivery methods as a cellular vaccine platform. First, a
mixture of target and self-proteins (probably obtained from a biopsy) are delivered to an APC
(e.g. a dendritic cell) by physical poration. The activated APC will then process and present
fragments of these proteins on its MHC-I receptors, thereby activating any CD8 T cells that
recognize the various fragments. Innate processes that regulate/eliminate self-recognizing T cells
will help mitigate any potential auto-immune side-effects. Activated T cells will begin
proliferation and cytokine secretion, thus driving a cytotoxic response against any diseased cells
that express the target proteins.
IV. MHC class I antigen presentation and DC maturation
In our preliminary work, we performed exploratory experiments to see if the device could induce
enhanced antigen presentation in vitro. Ovalbumin (OVA) protein was delivered to bone
marrow-derived and spleen-derived dendritic cells (C57BL/6 mice) as a model antigen. MHC
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class I presentation of the SIINFEKL peptide (a fragment of the OVA protein) and up regulation
of maturation markers, such as CD80 and CD86, were measured by antibody staining (Figure
48). These experiments thus sought to directly measure enhanced antigen presentation and the
ability of treated cells to mature normally.
MHC-1 presentation of SIINFEKL
CD80 (maturation)
CD86 (maturation)
, Ovalbumin (40kDa)
Dextran (70kDa)
Delivered by device
Figure 48. Assessing antigen presentation and DC maturation. This figure provides a
schematic of the delivery materials used in our proof-of-concept experiments as well as the
surface receptors that were probed by antibody staining. Ovalbumin was delivered as a model
antigen to measure the MHC-I presentation of SIINFEKL by antibody staining (Bio Legend).
70kDa, fluorescein labeled dextran was used as a tracer to measure delivery performance.
Upregulation of CD80 and CD86 was used to measure DC maturation in response to the device
and known maturation stimuli (such as LPS).
Our results indicated that one could obtain higher MHC class I presentation of SIINFEKL in
response to treatment by the device. These results were obtained in both splenic (Figure 49) and
bone marrow-derived dendritic cells (BMDCs) (Figure 50). Moreover, when a 70kDa
fluorescein dextran is co-delivered with ovalbumin, we observed that the fluorescein positive
cells correlated with those that present more SIINFEKL on their MHC class I (Figure 51).
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Temporal studies of the presentation process indicated that the level of antigen presentation
increased over a 45hr period, with no detectable presentation at 3hrs post-delivery(Figure 52).
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Figure 49. Antigen presentation in splenic DCs. An antibody to MHC Class I bound to
SIINFEKL was used to measure antigen presentation in splenic DCs. Dead cells were excluded
by propidium iodide staining.
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Figure 50. Antigen presentation in bone marrow DCs. An antibody to MHC Class I bound to
SIINFEKL was used to measure antigen presentation in bone marrow DCs. Dead cells were
excluded by propidium iodide staining.
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Figure 51. MHC class I antigen presentation correlates with dextran delivery. a) Measures
the change in intensity on the FITC channel in response to delivery of 70kDa fluorescein dextran
and ovalbumin to BMDCs. b) Measures the corresponding expression of SIINFEKL loaded
MHC class I molecules as measured by antibody staining. FITC-A+ and FITC-A- denote the
fluorescein positive and fluorescein negative populations respectively. These results were
obtained with a 30um-6um chip, cells were matured with LPS post-delivery, and dead cells were
excluded by propidium iodide staining.
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Figure 52. Antigen presentation kinetics. Presentation of SIINFEKL on MHC class I at 3hrs
(a), 20hrs (b), and 45hrs (c) after ovalbumin delivery. Results were measured by antibody
staining and dead cells were excluded by propidium iodide staining.
Cells treated by the device were also shown to respond normally to lipopolysaccharide (LPS)
induced maturation, as measured by CD80 and CD86 expression levels (Figure 53), and
maintain high viability after treatment (82-85% for treated cells vs. 90-92% for untreated)(104).
These data indicate that the device is unlikely to have caused sufficient damage to the cells to
inhibit functionality.
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Figure 53. Splenic DC maturation in response to LPS stimulation. Spleen-derived DCs were
incubated for 3 hours at 370C after having undergone the listed treatments. The '4C' case was
kept on ice for 3 hours instead of incubation at 370C to suppress all active processes. These data
indicate that device treated cells have similar maturation levels to their untreated counterparts
after a 3 hour incubation in LPS. The 'Endocytosis' case, which was not treated with LPS, would
suggest that the DC purification process alone may trigger a maturation process as those cells
have significant upregulation of CD80 and CD86 relative to the iced control. Results were
measured by antibody staining for CD80 and CD86 and dead cells were excluded by propidium
iodide staining.
To test the functionality of these device treated dendritic cells, we performed co-culture assays
with antigen specific T cells. In these experiments, treated BMDCs are cultured in the presence
of CD8* T cells isolated from OT-I transgenic mice. These mice are genetically modified such
that all CD8 T cells have a TCR that is specific for the SIINFEKL peptide bound to MHC class I
receptors. When these T cells encounter SIINFEKL presenting DCs and the appropriate co-
stimulatory markers, they should become activated and begin to proliferate(99). In our
experiments, T cell proliferation was measured by CFSE staining of the target T. The CFSE stain
passes from mother to daughter cells and is thus diluted with each successive division cycle. As a
result, to measure T cell proliferation one can measure the CFSE staining intensity by flow
cytometry. The lower the CFSE stain intensity for a particular sample the more proliferation
cycles the T cells have been through.
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Our results indicated that device treated DCs were capable of inducing T cell
activation/proliferation as measured by CFSE staining (Figure 54a). These experiments tested
for a range of OVA concentrations in the delivery buffer to illustrate the sensitivity of our
technique. 0.1mg/ml and 0.01mg/ml OVA concentrations consistently produced proliferation
while lug/ml OVA concentrations did so sporadically. Note that endocytosis of the OVA protein
alone can induce some CD8 T cell proliferation by the previously discussed cross-presentation
mechanism. This process, however, is not as efficient as the device in our tested concentration
range (after later improvements to our co-culture technique the 0.1mg/ml endocytosis case did
show sporadic proliferation, the 0.01mg/ml endocytosis case remained consistently
unproliferated).
An additional measure of T cell activation is the secretion of inflammatory cytokines. ELISA
measurements of IFN-y protein in the culture media (3 and 5 days after culture) indicated that the
proliferating T cells were active and potentially capable of inducing a protective response in vivo
(Figure 54b). Other important markers, such as TNF-a, showed similar results.
Preliminary in vivo proliferation studies, in which dendritic cells are primed ex vivo prior to
injection into the footpad of a mouse, have yielded promising preliminary data in which it
appears the DCs are capable of migrating to the draining lymph node and inducing
activation/proliferation of antigen specific CD8 T cells. This work is preliminary however and
requires further refinement of our in vivo methods. Specifically, the use of OT-I and Ly5.1
transgenic mice appears to be crucial to the success of these studies as one needs to identify the
adoptively transferred T cells based on the CD45.1 surface marker before attempting to assess
proliferation by CFSE staining.
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Figure 54. Activation of antigen-specific T cells in response to treated dendritic cells. a)
Bone marrow derived DCs were treated by the device in the presence of varying OVA
concentrations and cultured in the presence of CFSE stained, CD8' T cells derived from OT- 1
mice. After 5 days of culture, T cell proliferation was measured by flow cytometry. The dilution
of the CFSE stain, as reflected by reduced intensity in the FITC channel, and increased cell
counts indicate T cell proliferation across multiple generations. b) Secretion of the
immunostimulatory cytokine IFN-y, as measured by ELISA analysis of culture supernatant, from
CD8* T cells incubated in the presence of treated DCs. The 'OVA' conditions correspond to
cases where the cells were treated by the device, while the 'OVA Endo' condition corresponds to
an endocytosis only case. Treatment of DCs by the device in the absence of OVA did not induce
proliferation or cytokine secretion. Where applicable, error bars represent +1 standard deviation
obtained from triplicate experiments.
V. MHC class II antigen presentation
We also investigated the effect of our delivery method on the MHC class II antigen presentation
pathway. If the device was causing significant cell damage, one could expect impeded MHC
class II antigen processing and stimulation of CD4* T cells. If the device was inducing delivery
through an endocytotic pathway, on the other hand, one could expect enhanced MHC class II
presentation and activation. To test these effects, we conducted co-culture experiments with
CD4* T cells derived from OT-II transgenic mice. These T cells are the CD4 analogue of the
[117]
aforementioned OT-I T cells and contain a TCR region specific for an OVA epitope (amino
acids 323-329) on all CD4 T cells. The presence of this epitope on MHC class II would cause
proliferation of these CD4 T cells.
Our results indicated that the device treated BMDCs responded similarly to the endocytosis only
controls when both were incubated in the presence of OVA for 2-3 hours prior to culturing with
T cells (Figure 55). Moreover, if the BMDCs were only treated with OVA for the short time
frame necessary for a typical delivery experiment (i.e. exposed to OVA for 10-30min vs.
incubated for 2-3hours) the device and control cases showed no appreciable CD4 proliferation.
These data would indicate that the device does not induce rapid endocytosis of the surrounding
proteins (this would result in proliferation within the shorter delivery experiment time-frame) nor
does it substantially impede normal endocytosis/presentation function necessary to activate CD4
T cells after prolonged incubation (this would result in reduced proliferation after the 2-3 hour
incubation). Limited experiments in intermediate time-frames (e.g. 1-2hours of incubation) did
suggest that the device treatment may partially impede the CD4 activation process; however,
these data would need to be verified with more stringent controls on cell viability and cell counts
when setting up the co-culture.
Project outlook
After obtaining the initial results described herein, we did not continue this line of inquiry as the
eventual therapeutic relevance of the CD4 response was not immediately clear. A CD4 response
involving helper T cells and cytotoxic cells could improve efficacy whereas regulatory T cells
could suppress the CD8 response. It is thus important to consider the CD4 activation parameter
in future tumor studies as the presence or absence of these cells could have significant effects.
Moreover one could use this platform to study the interplay between the CD4 and CD8 responses
although this was considered to be out of the scope of this project.
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Figure 55. The device does not interfere with activation of CD4 T cells through MHC class
11 antigen presentation. Antigen specific CD4* T cells were obtained from OT-II transgenic
mice and co-cultured with device treated BMDCs. These mice contain a TCR on their CD4 T
cells that is specific for an OVA epitope (different from SIINFEKL). Proliferation results were
measured by CFSE staining and flow cytometry on day 5 of co-culture. These results indicate
that the device and endocytosis (inlet) cases behave similarly, while the no OVA (where the cells
are treated in the absence of protein) and NC (untreated or 'no contact') cases show no non-
specific proliferation. These results held true whether or not LPS, a maturation inducing
polysaccharide, was present. The numbers (e.g. 50:30) correspond to the ratio of cell solution to
delivery solution. The delivery solution was 0.5mg/ml OVA protein in PBS.
VI. Translation to B cells
Preliminary work with naive B cells has yielded results similar to those described for BMDCs. In
this work, naive B cells were isolated from the spleen of C57BL/6 mice and treated by the
device, in the presence of ovalbumin, using the protocols described for BMDCs. After delivery,
B cell were co-cultured with CD8* T cells derived from OT-I mice and in the presence of
activating factors such as CpG oligodeoxynucleotides and LPS. Our data indicate that the
microfluidic delivery system can indeed induce effective antigen presentation in B cells. B cells
treated with OVA protein were able to induce a proliferative CD8 T cell response (Figure 56),
while endocytosis controls did not proliferate. Throughout the B cell work, endocytosis controls
consistently failed to proliferate in the tested concentration range. In contrast, BMDCs showed
sporadic proliferation at high endocytosis concentrations potentially highlighting the innate
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inefficiency of B cells as cross-presenting antigen presenting cells. These B cell co-cultures also
showed significant secretion of TNF-a and IFN-y relative to controls (Figure 57).
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Figure 56. Proliferation results from CFSE tagged OT-I transgenic CD8 T cells co-cultured
with OVA treated B cells. Treated B cells were cultured in the presence of CpG
oligonucleotides and treated with 10-4i or 30-5x5i device types. The Siin, NC and Inlet
conditions are peptide controls, untreated, and endocytosis only cases respectively.
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Figure 57. Cytokine secretion of B cell activated T cells. These graphs represent the levels of
TNF-*a and IFN-y present in the co-culture media 3 days after the start of incubation. In these
experiments, naive B cells were treated by different device designs in the presence of 0. 1mg/ml
of OVA protein. The bottom labels, such as 'CpG A', denote the type of stimulant that the B
cells and T cells were cultured in after treatment. The '+stim' cases indicate that the cells were
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treated by the device in the presence of the listed stimulant. These data were obtained using a
Luminex bead assay to measure cytokine secretion.
VII. Antigen presentation from cell lysate
An advantage of the proposed approach is its potential to target unidentified/unpurified antigens
by delivering whole tumor lysate to the antigen presenting cells. In our experiments, we
generated cell lysate from OVA expressing B 16 melanoma cells and treated our DCs in the
presence of the resulting suspension. In vitro proliferation results indicate that the system is
indeed capable of inducing antigen specific CD8 responses from lysate primed DCs (Figure 58).
Interestingly, higher lysate concentrations do not appear to confer an advantage in inducing
proliferation - indicating that higher deliveries may not necessarily be optimal for this
application.
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Figure 58. Proliferation results from CFSE tagged OT-I transgenic CD8 T cells co-cultured
with B16-OVA lysate treated DCs. The ratios, such as '50:10', indicate the volume of cell
suspension relative to the volume of cell lysate solution. Note the endocytosis and untreated
controls do not have any observable peaks as the T cells died due to lack of stimulation in those
conditions.
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VIII. Summary
We have been developing B cell and DC-based approaches to immunotherapy using the
described microfluidic platform to facilitate delivery of target antigens. In this work, we
investigated, in vitro, the device's ability to induce antigen presentation and drive a protective
immune response. The cytokine secretion and proliferation data indicate that DCs and B cells,
treated in the presence of the target antigen, can produce selective MHC class I presentation and
activation of CD8 T cells. Moreover, preliminary work suggests that this approach can be
expanded to the use of tumor lysate as a source of antigens.
If the concept proves successful in vivo, one can envision a manifestation of this system in which
dendritic or B cells, isolated from a patient's blood, are treated by the device ex vivo to activate
them against a particular cancer antigen and then reintroduced into the patient's blood stream.
The delivered antigen could be a known, commonly expressed protein for that particular disease
or a patient-specific one obtained from a biopsy. Indeed delivery of whole tumor lysate could
induce a multi-target response. If successful, the proposed approach would provide a
personalized, targeted disease response with minimal side-effects. This method could potentially
be implemented in a typical hospital laboratory (<2hr per treatment) with a trained technician.
Due to its small size and relative simplicity, a future portable out-patient version of the device
may be possible.
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IX. Future Directions
. Device platform
With its ability to deliver a broad range of challenging materials (e.g. proteins, RNA,
nanomaterials) and capacity to address primary cells, the described system could be an enabling
research tool. The list below details some potential applications of this platform.
1) Design optimization: One could conduct a detailed optimization of the device to develop
more effective systems to address various cell types and applications. Specifically, approach
angle (i.e. design A vs. B), constriction width, length, depth, number of constrictions in series
and device layout could be studied as part of this work.
2) Mechanistic understanding of delivery process: The membrane disruption and cell
recovery mechanisms in response to this system are still poorly understood. One could
conduct complex simulations of the cell deformation process to study the membrane shearing
effects in a system that accounts for cell membrane behavior and cytoskeletal structure. In
addition, by measuring stress responses in the cell and adjusting buffer conditions one could
better understand the side-effects of this treatment and develop methods to mitigate them.
Specifically, the presence of Ca ions can be important to inducing membrane recovery(43).
3) Probing the intracellular environment and processes: By facilitating direct delivery to the
cytosol, antibody and quantum dot staining of live cell structures/proteins is now more
feasible and other materials such as carbon nanotubes can be used to sense the chemical
environment. By obviating the need for chemical modification, electrical fields or
complexing reactions to facilitate delivery, this platform provides unprecedented flexibility
in the structure/type of probing material that can be delivered.
4) Drug screening: The system's robust performance makes it a strong candidate platform for
high throughput screening of therapeutic molecules. Peptide, protein, or small molecule
libraries can be screened more effectively as unlike most CPP or nanoparticle-based
techniques, this method is expected to be insensitive to material structure and
chemistry(105), does not rely on endocytotic pathways(14), and should not affect
functionality(16). Moreover, this method would help decouple information about drug
potency in the cytosol vs. deliverability.
[124]
5) New in vivo signaling or disease mechanism: It is possible that membrane disruption by
rapid mechanical deformation occurs in vivo in response to certain stimuli or as part of a
disease. Hence, investigating the phenomenon may prove relevant to better understanding
disease mechanisms or physiological responses to trauma.
6) Combining the system with other delivery methods: As illustrated in Figure 59, one could
attempt to further expand the device's capabilities by coupling the rapid deformation
phenomenon with electroporation. Using methods described in previous works (22), gold
electrodes can be incorporated on either side of the constriction by photolithographic
patterning and Au deposition to introduce a localized electrical field into the channel. By
coupling two independent poration mechanisms, one can exercise finer control over the
system and manipulate multiple parameters to optimize system performance for each cell
type. For example, one could use the constriction to induce membrane disruption and
subsequently apply a weak electric field to facilitate transport of large charged molecules,
such as DNA, that suffer from low diffusion rates.
7) Streamlined devices to facilitate collaboration: A streamlined, disposable version of the
system could make it easier to use and thus increase its adoption rate by potential
collaborators. Injection molding or hot embossing of PMMA and polycarbonate, for
example, can be investigated as potential routes to implementing a polymer-based version of
the device. The subsequent reduction in costs would enable these devices to be used as a
disposable tool hence improving sterility and ease-of-use.
8) Novel approaches to therapy: One can envision an approach whereby a patient's target
cells are isolated from the blood or other tissue, treated by the device to deliver the desired
therapeutic, and re-introduced into the body. Such an approach would take advantage of the
potentially increased delivery efficiency of therapeutic macromolecules and could be safer
than existing techniques because it would obviate the need for potentially toxic vector
particles and would mitigate any potential side-effects associated with Reticuloendothelial
clearance and off-target delivery. This application is addressed in detail, in the context of
immunotherapy and tissue engineering, in future chapters (Figure 60).
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Figure 59. Combining cell squeezing and electroporation. A bright field micrograph of early
work (106) that could be modified to combine a constriction-based design with electrodes to
enhance delivery efficacy. (scale bar 30pm)
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Figure 60. Ex vivo therapeutic concepts that implement this technology for immunotherapy
or regenerative medicine applications. In both applications, the desired cells are isolated from
the patient, treated by the device to deliver therapeutic agents or reprogramming factors, and re-
implanted to treat the target area.
II. Quantum Dot delivery
Our initial proof-of-concept for consistent cytosolic delivery of nanoparticles indicates that this
technology has much potential in the area of intracellular imaging. Some of these imaging
approaches are detailed below.
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Electrodes
1) Organelle targeting: One could further develop this technology as a robust method for
labeling organelles or other intracellular structures. For example, one could develop quantum
dots with a nuclear localization sequence (NLS) displayed on their surface. This sequence
should theoretically facilitate the transport of these dots into the nucleus and thus provide
high specificity labeling in live cells. This concept could be expanded to other potential
targets as one could use the appropriate surface labels to exploit the cytoplasmic machinery
and facilitate the desired localization of material.
2) Single molecule tracking of live cell processes: As discussed earlier, quantum dots have
numerous advantages over traditional fluorophores. By providing direct cytosolic delivery of
quantum dots without constraining available surface chemistries (as alternative non-physical
delivery methods would), this technology could enable single molecule tagging and tracking
in live cells. For example, to track protein behavior within the cytosol one could deliver
quantum dots that are pre-conjugated to the protein of interest. Alternatively, one could
deliver quantum dots with an appropriate targeting motif to bind native proteins and
subsequently track the behavior of bound proteins.
3) In vivo imaging and tracking of adoptively transferred cells: In vivo imaging is a
challenge with most organic dyes as they photobleach and degrade over time, rendering them
unsuitable for long-term studies. One could potentially implement our QD delivery method
as a platform for tagging and tracking adoptively transferred cells. For example, one could
isolate the target cell type from a patient or animal, deliver QDs to their cytosol, and finally
reintroduce the tagged cells into the body. One could then image the animal/patient over time
to monitor trafficking of the adoptively transferred cells to better understand the mechanism
of interest. Infrared QDs may be particularly suitable for such applications as it would allow
for deeper tissue penetration.
III. Cell reprogramming
Previous work using recombinant proteins to produce iPSCs have demonstrated prohibitively
low efficiencies (<0.01%) and are thereby unsuitable for wide-spread clinical application (4, 84).
In our early work, this delivery approach has demonstrated a 10-100x improvement in
reprogramming efficiency relative to alternative methods. These results indicate that with further
optimization, or incorporation of additional factors, one could potentially obtain even higher
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reprogramming efficiencies thereby improving the clinical feasibility of iPSC therapeutics. Some
suggested future studies are detailed below.
1) Studying the relative effects of each reprogramming factor: The diffusive delivery
mechanism behind the cell squeezing technology allows one to predict the quantity of protein
delivered to the cell cytoplasm, and control the relative ratio of the reprogramming factors by
controlling protein concentrations in the delivery buffer. By directly determining the quantity
of available protein, one can exercise accurate control over intracellular kinetics. Other
reprogramming methods (e.g., viral, plasmid and mRNA expression), on the other hand, rely
on stochastic effects to determine the level of protein availability and are thus unsuitable for
kinetic studies. The low efficiency of current reprogramming methodologies indicates that
the process is highly sensitive to stochastic variations and only a narrow range of
transcription factor expression levels will result in reprogramming. By directly delivering
proteins to the cytoplasm, one can exercise unprecedented control over protein availability
and thus more consistently impose the exact conditions necessary for reprogramming. In
future experiments, one can systematically vary the treatment frequency, quantity, and
relative ratio of each reprogramming factor in the delivery solution to identify optimal
reprogramming conditions. These conditions, once identified and optimized, can be
reproduced consistently in this system to dramatically improve reprogramming efficiency.
2) Protein half-life: The half-life of transcription factors in the cytosol can be as short as 20-
30min (107). This feature of the reprogramming process would indicate that one could
potentially improve reprogramming efficiencies by stabilizing the transcription factors and
prolonging their activity in the cell (108). More active transcription factors could potentially
increase reprogramming efficiency by allowing lower protein delivery to be sufficient, and
they could make the process more rapid by accelerating the transcriptional cycles necessary
to induce reprogramming.
3) Direct reprogramming: An alternative approach to controlling cell fate is the direct
reprogramming of somatic cells to the target cell type, without transitioning through a
pluripotent state. Recent work has demonstrated the potential of this approach to generate
neural stem cells(109, 110) and blood progenitor cells(111). Our technologies protein
delivery capabilities could be easily adapted to these applications as our results have shown
that the method is agnostic to the structure of the delivery material. Therefore, different
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transcription factors can be delivered with this system to facilitate a range of direct
reprogramming applications.
4) Investigating factors to improve reprogramming efficiency: Because our delivery method
facilitates diffusive delivery of material regardless of the structure of the target material, one
could couple the delivery of reprogramming proteins with other macromolecules that could
enhance reprogramming efficiency. Small molecule drugs, RNA, and peptides are some
types of material that could potentially improve the reprogramming process(1 12). By
screening through candidate factors, one could potentially identify a number of molecules
that could improve the process and make it more clinically applicable.
IV. Cancer vaccines
Our cancer vaccination project has much potential in its ability to induce a potent, patient-
specific response in a variety of diseases. The following sections detail suggested experiments to
implement this system in in vivo models of cancer. Additional recommendations for expanding
the scope of the technique and improving its efficacy are also included
1) Transitioning from OVA to an endogenous antigen: The OVA model used in our work is a
popular model for studying antigen presentation and T cell activation. However, results from
OVA studies can have difficulty translating to other antigens as OVA is a highly immunogenic,
exogenous antigen. Therefore, an important focus of future work would be to translate these
results to an endogenous antigen and/or a known cancer antigen. B 1 6F 10 melanoma cells, a well
characterized melanoma model (113), could be used for these studies. Gp100 is an endogenous
protein that is over-expressed in this cell line. In initial experiments, BMDCs should be
suspended in the lysate of B 1 6F 10 melanoma cells and treated with the device to facilitate
delivery of the lysate proteins into the cell. The treated cells should then be cultured in the
presence of CFSE-stained, CD8' T cells purified from the spleen and lymph nodes of PMEL- 1
mice (the OT-I analogue for the B 1 6F 10 model). At 5 days of culture, the CFSE intensity and T
cell counts should be measured by flow cytometry to assess the response. If delivery of cell
lysate to DCs proves unable to induce proliferation, dilutions of purified gp100 protein can be
used to troubleshoot the system.
B cell antigen presentation can be assessed in the same manner as above using gp 100 protein as a
starting point. Lysate may not be the best starting point in this case because we had not
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previously tested B cells with the OVA lysate model (using B16F1O-OVA cell lines). Should our
B cell work with gp 100 prove successful, one could then attempt to repeat the effects with
unpurified cell lysate. If unsuccessful, one should consider reverting to an OVA-based approach
which has better understood kinetics and whose methods have been fine-tuned using our
previous DC work.
2) In vivo proliferation studies: To demonstrate the potential for in vivo translation of the
method, one should conduct in vivo proliferation studies of adoptively transferred T cells in
response to the injection of treated DCs or B cells. In these experiments, CD8' T cells from OT-
I+Ly5.1 mice should be isolated by immunomagnetic separation (Miltenyi Biotech), CFSE
stained and injected into the tail vein of C57BL/6 mice. The Ly5.1 gene is necessary as it will
allow one to distinguish adoptively transferred cells form native cells by staining for CD45. 1.
One day later, bone marrow derived DCs (or spleen derived B cells) should be treated by the
device to deliver tumor lysate (or OVA protein) and subsequently injected into the footpad of the
mice. The proliferation of CFSE stained T cells should be measured 3 days later in the draining
and non-draining lymph nodes and spleen. These results will serve to verify the ability of this
approach to induce in vivo proliferation. Cell injection quantities, treatment frequency and read-
out time can be changed in case the initial experiments are unsuccessful.
In further work, one should attempt to reproduce these proliferation results in the less
immunogenic B 1 6F 10 and PMEL- 1 model to demonstrate the versatility of the technique.
3) In vivo killing assays: In vivo killing assays can be used to study and optimize the ability of
activated T cells to induce apoptosis (114). In these studies, C57BL/6 mice should be
immunized by footpad injections of treated B cells and/or DCs as described above. After 3 days,
splenocytes harvested from separate, untreated mice should be split into two groups: the first will
be pulsed with gp100 or OVA protein fragments (e.g. SIINFEKL or another relevant epitope)
and given a relatively low CFSE stain while the second will not be exposed to fragments and will
have a high intensity stain. These splenocytes should then be co-injected into the immunized
mice and their spleen contents measured by flow cytometry 6-12 hours after splenocyte injection.
The proportion of live cells that have high vs. low CFSE staining would provide a measure of in
vivo CD8 activity.
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4) Tumor immunity: The potential ability of this approach to induce anti-tumor immunity can
be assessed by a subcutaneous tumor challenge. In these experiments, one should compare the
efficacy of this microfluidic approach to that of cells which have endocytosed the target antigen
or have been pulsed with a known peptide epitope. Note that the peptide epitope comparison is
only relevant in the context of diseases with known antigens; our lysate-based approach is
intended to target cancers with both known and unknown epitopes.
One could induce melanoma tumors by subcutaneous injections of B 1 6F 10 cells in the flanks of
C57BL/6 mice. At 1 week post-injection, the mice should be immunized by lysate treated
dendritic or B cells. Guided by results from prior studies, one could conduct a brief optimization
of dosing quantity and frequency. Tumor growth should be monitored by measuring tumor
diameter using a caliper. Any protective effects should be reflected in tumor growth inhibition
and survival rates.
To further enhance therapeutic potency and overcome potential challenges, one could consider
the use of activating factors, such as Lipopolysaccharides and CpG oligonucleotides, or
inflammatory cytokines, such as IL-2, to improve vaccine performance. One could also enhance
antigen delivery/presentation efficiency through improving device design (e.g. smaller
constrictions), concentrating the protein/lysate solution prior to delivery, or changing the route
and timing of vaccine administration (intravenous vs. subcutaneous). If necessary, the B 1 6F 10-
OVA model can provide a well characterized platform for troubleshooting these experiments.
Imaging of labeled T cells and dendritic cells can also be used to ensure proper tumor
localization. Coupling of the system with other methods, such as nanoparticle vectors (96, 100,
101), may also benefit performance. As the device has previously demonstrated its ability to
effectively deliver siRNA as well as proteins (104), one could co-deliver anti-SOCSI siRNA to
enhance antigen presentation and anti-tumor immunity (115).
5) Metastatic tumor models: To expand this work to metastatic models, one should inject
B 1 6F 10 tumor cells into the tail vein of C57BL/6 mice and attempt to implement a vaccination
protocol similar to the one described above. This work would help refine the method to address
metastatic tumors and allow one to understand the differences in vaccine behavior in localized
vs. metastatic models. Disease progression should be monitored through blind counts of
metastatic sites in the lung and survival curves. Note that tumor bearing mice in both the
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subcutaneous and metastatic tumor models should be euthanized subject to humane endpoints
such as body condition score. One potential challenge in the metastatic model could be the
proliferation of tumor cells in regions that are partially shielded from the immune response. In
this case, Luciferase or GFP expressing B 16 cells could be used for in vivo imaging to identify
regions in which unresponsive metastases are localized. One may then adjust vaccine
administration protocols to include inoculations of primed DCs/B cells or inflammatory
cytokines (such as IL-2) near the prevalent metastatic sites in an attempt to improve the local
immune response. As detailed earlier, there are a number of other possible approaches to
improve vaccine efficacy including the use of more effective device designs, nanoparticle
vectors, and anti-SOCS 1 siRNA. One could also consider combining this vaccine approach with
existing adoptive T cell transfer therapies( 116) whereby the adoptively transferred T cells
provide the initial tumor lytic response and the vaccine initiates more sustained, long-term
protection.
6) Applicability to additional tumor models: To investigate the robustness of the technique,
one should explore the methods efficacy in spontaneous tumor models, such as TRAMP for
prostate cancer. These models are reported to be more representative of the human disease as the
tumors develop spontaneously, as opposed to in response to an injection( 117). To treat these
mice, one should extract tumor cells in a biopsy, lyse them, and deliver the lysate to B cells or
DCs as previously described. Survival curves and histology will be used to monitor disease
progression and measure any protective effects. If the initial attempts are unsuccessful, one could
explore the use of known prostate cancer peptides/proteins for delivery, such as the TRP-SIY
model (118), or attempt to enhance efficacy using some of the methods described earlier.
Because the immunosuppressive tumor microenvironment can pose a significant challenge in
this model( 118), the route of vaccine administration may play a significant role in the
duration/efficacy of the CD8 response. Moreover, one should consider the co-delivery of siRNA
molecules to knockdown immunosuppressive pathways (e.g. IL-10) in the DCs/B cells.
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X. APPENDIX
. Device manufacture, operation and cell assays
Operating Procedure
1) Storage:
1.1) Screws, reservoirs, holders, 0-rings and microfluidic devices should be stored in 70%
ethanol. Ideally, use a container (e.g. jar or beaker) that has a lid to prevent
evaporation and contamination by dust or outside particles. Place the devices in one
container (1), reservoirs and O-rings in a second container (2), and holders and
screws in the third (3).
1.2) Change ethanol solution in containers (2) and (3) before each use to prevent cross-
contamination across experiments and minimize the presence of unwanted particles
that can cause clogging.
2) Experiment Preparation:
2.1) Place containers (2) and (3) in an ultrasound bath for 5-10 minutes before each use.
This helps remove any contaminating particles from previous experiments.
2.2) Clean workspace in biosafety cabinet with 70% ethanol solution.
2.3) Spray all materials (3 containers, screwdriver, and tweezers) with a 70% ethanol
solution before placing them inside the biosafety cabinet.
3) Assembly:
3.1) Set down 2-3 low-lint wipes in your work area.
3.2) Remove plastic reservoirs from their container with tweezers and set them on the
wipes to facilitate evaporation of ethanol solution from inner surfaces. Gently tap the
reservoirs on the surface to facilitate removal of the ethanol solution.
3.3) Insert O-rings into their appropriate slot on the reservoirs.
3.4) Remove the holder, chips and the screws from respective containers and allow
ethanol to evaporate (~1 -2min).
3.5) Use tweezers to place the desired chip face-up (i.e. access holes up) in the holder.
Raise the holder with the chip to eyelevel to make sure the chip is lying flat in the
holder and adjust if necessary with the tweezers. IMPORTANT: If the device does
not fit properly in its holder you risk breaking it during the subsequent steps.
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3.6) Place the reservoirs at the appropriate location on the holder and align their screw
holes with the threaded holes on the holder. Be careful that O-rings do not fall out of
their slots during this process.
3.7) Gently begin to tighten each of the 4 screws (2 per reservoir) to secure the reservoirs
to the holder. Alternate between screws, i.e. do not fully tighten one before beginning
to tighten the other, to ensure a more symmetric installation of the components.
Check periodically that the chip is lying flat in the holder and that the O-rings are still
in place. IMPORTANT: One should feel minimal resistance during this process.
Screws are tight enough when they are approximately 1 turn past the point at which
you first feel resistance. Over tightening of the devices can break them so it is
recommended that you err on the side of caution and under-tighten when first
learning to use the system.
4) Cell Preparation:
4.1) For adherent cells (primary or established lines): Plate cells 1-2 days prior to the
experiment such that they are no more than 80% confluent on the day of the
experiment.
4.2) Place cells in suspension (in PBS or relevant media) and aim for an operating
concentration of 1.0 x 1 06/mL to 1.0 x 107 cells/mL. Note: We have not observed
significant changes in delivery performance due to cell concentration.
4.3) Mix cells and the desired delivery material in a separate tube to obtain the desired
material concentration for the experiment. IMPORTANT: Because the described
delivery method relies on diffusion to facilitate delivery, a higher material
concentration will yield higher delivery. If possible, we recommend a luM solution
of the desired material for initial trials. This concentration can then be titrated down
in future experiments as needed. The lowest reported concentration used with this
device is lOnM(68).
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5) Operation:
5.1) Pipette mixture of cells and delivery material into a reservoir (current design has a
max 75ul capacity). NOTE: Most device designs are fully reversible therefore
direction of flow through the channels does not matter. Samples may be loaded into
either of the two reservoirs.
5.2) Attach pressure tubing to the filled reservoir and tighten the nut to ensure proper
sealing (finger tight is often sufficient).
5.3) Adjust pressure to the desired level on the regulator. This controls the speed at which
cells travel through the device. Note that cell flow does not start until button is
pressed.
5.4) Raise device to eye level and orient it so that the liquid in the reservoir is easily
visible. NOTE: You will have to track the liquid column to shut off the system before
the reservoir is emptied.
5.5) Press the button to pressurize the reservoir and begin cell flow.
5.6) When the liquid level is approximately 2mm from the bottom of the reservoir, quickly
turn the regulator to 0 psi to stop flow. IMPORTANT: If you fail to stop the flow
before the reservoir is emptied, you risk ejecting your sample from the collection
reservoir. Also note that if the fluid column is not moving at an appreciable pace, or
has slowed substantially relative to its initial flow rate (e.g. 3x slower), the mounted
device is probably clogged and needs to be exchanged. Operating a clogged device
can lead to higher cell death.
5.7) Collect the treated cells from the appropriate reservoir and place them in the desired
collection tube/plate. IMPORTANT: Do not dilute the collected cells in any buffers at
this stage as the porated cells will continue to uptake material for up to 10min (119).
After this window has passed, dilute the cells in the desired media/buffer.
5.8) To collect more treated cells or try alternative experimental conditions, repeat steps
5.1-5.7 as needed. Recall that the chips are reversible therefor samples can be
mounted in either reservoir. Be sure to exchange chips as needed if they clog. Discard
clogged devices.
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6) Disassembly:
6.1) Unscrew the reservoirs from the main holder.
6.2) Place each part in the appropriate storage container (detailed in section 1).
6.3) Place used chips in a separate container for disposal.
II. Device fabrication and mounting system.
The silicon-based devices are fabricated at the MIT microfabrication facility using
photolithography and deep reactive ion etching techniques. In this process, 6" silicon wafers with
a 450um thickness are treated with Hexamethyldisilazane (HMDS), spin coated with photoresist
(OCG934, FujiFilm) for 60s at 3000rpm, exposed to UV light (EV1- EVG) through a chrome
mask with the constriction channel design, and developed in AZ405 (AZ Electronic Materials)
solution for 100s. After 20min of baking at 90'C, the wafer is etched by deep reactive ion
etching (SPTS Technologies) to the desired depth (typically 15um). Piranha treatment (H20 2 and
H2 SO 4) is used to remove any remaining photoresist after the etching process is complete. To
etch the access holes (i.e. inlet and outlet) the process is repeated on the opposite side of the
wafer (i.e. the one not containing the etched channels) using a different mask, which contains the
access hole patterns, and a thicker photoresist AZ9260 (AZ Electronic Materials).
Oxygen plasma and RCA cleaning are used to remove any remaining impurities. Wet oxidation
is then used to grow 100-200nm of silicon oxide before the wafer is anodically bonded to a
Pyrex wafer and diced into individual devices. Each device is individually inspected for defects
prior to use.
Before each experiment, devices are mounted onto a holder with inlet and outlet reservoirs (all
designed in-house and produced by Firstcut). These reservoirs interface with the device using
Buna-N 0-rings (McMaster-Carr) to provide proper sealing. The inlet reservoir is connected to a
home-made pressure regulator system using Teflon tubing to provide the necessary driving force
to push material through the device. Our current system can only accommodate pressures up to
70psi.
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III. Measuring delivery
Cell culture
HeLa (ATCC), GFP expressing HeLa (courtesy of P. Sharp of the Koch Institute, Massachusetts
Institute of Technology), and DC2.4 (ATCC) cells were cultured in high glucose Dulbecco's
modified essential medium (DMEM, Mediatech) supplemented with 10% fetal bovine serum
(FBS) (Atlanta Biologics) and 1% Penicillin Streptomycin (Mediatech). Primary human
fibroblast cells (NuFF) (Globalstem) were cultured in high glucose DMEM supplemented with
15% FBS. Cells were kept in an incubator at 370 C and 5% CO 2. When applicable, adherent cells
were suspended by treatment with 0.05% Trypsin/EDTA (Mediatech) for 5-10min.
Mouse embryonic stem cells (mESC) were grown on mouse embryonic fibroblasts (Chemicon)
in media consisting of 85 % knock out DMEM, 15 % fetal bovine serum, 1mM glutamine,
0.1mM beta mercaptoethanol, and 1 % non-essential amino acids supplemented with 1000
units/mL LIF (Millipore, USA). Cells were passaged every 2-3 days using 0.25%
Trypsin/EDTA. When treated with the device, the mESCs were able to re-form colonies and
retained normal morphology even 2 weeks after treatment.
Lipofectamine
GFP knockdown is measured as the percentage reduction in a cell population's average
fluorescence intensity relative to untreated controls. Lipofectamine 2000 + siRNA particles were
prepared by combining lug of siRNA with 1 ul of Lipofectamine 2000 reagent in 100ul of PBS.
Transmission electron microscopy
Gold nanoparticles (Ted Pella) were prepared by conjugating thiol terminated, 1000MW
polyethylene glycol (PEG) to the nanoparticle surface, excess PEG was then washed four times
by centrifugation (10,000 rcf for 30 min) and the resulting material suspended in PBS to a final
concentration of 1 OOnM. To image GNP delivery to HeLa cells, the cells were suspended in PBS
supplemented with 3% FBS, 1% F-68 Pluronics and 47nM of GNP; treated by a l0um-6umx5
device and fixed in 2.5% (w/v) glutaraldehyde, 3% (w/v) paraformaldehyde, and 5.0% (w/v)
sucrose in 0.iM sodium cacodylate buffer (pH 7.4). After an overnight fixation, the cells were
post-fixed in 1% (w/v) Os0 4 in veronal-acetate buffer for 1 h. They were then stained en bloc
overnight with 0.5% uranyl acetate in veronal-acetate buffer (pH 6.0), dehydrated, and embedded
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in Spurr's resin. Sections were cut on a Reichert Ultracut E (Leica) at a thickness of 70 nm with
a diamond knife. Sections were examined with an EM410 electron microscope (Phillips).
Antibody labeling of immune cells
The buffy coat fraction obtained from the centrifugation of blood derived from BL6 mice
(Taconic) was suspended in RPMI 1640 media before being treated by the device as previously
described. Individual cell types were then labeled for flow cytometry by staining with antibodies
(Biolegend) to TCR-B (APC), CD11 b (PE-Cy7), and CD19 (PE). Propidium iodide staining was
used to measure cell death.
Reprogramming factor purification by FLAG
FLAG-tagged reprogramming factors (c-Myc, Klf4, Oct4, and Sox2) were expressed in HEK293
cells by transfection and purified by anti-FLAG M2 agarose affinity gels (Sigma) as previously
described(4). These proteins each had an additional nine arginine groups to facilitate uptake.
Western blotting
After treatment by the device, cells were seeded on to a culture plate. After 4 hours, the culture
media, which contains any undelivered proteins, was collected (referred to as the soup). The
soup was precipitated by using Ammonium sulfate and resolved in RIPA lysis buffer (50 mM
Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.1% SDS, and protease inhibitor
cocktail). The cells that were attached to the plate were then washed and lysed by RIPA lysis
buffer to release the delivered proteins inside the cells (lysate, Ly). Each sample was
electrophoresed on 12% SDS-PAGE and transferred onto a PVDF membrane (Bio-Rad).
Membranes were blocked for 3 h in Phosphate-buffered saline (PBS) containing 0.1% (v/v)
Tween-20 and 5% (w/v) dry skim milk powder. Blotted membranes were washed with PBST
(PBS containing 0.1% (v/v) Tween-20) three times and incubated at 4 'C with anti-FLAG
antibodies (Sigma) overnight. After incubation of primary antibodies, membranes were washed
with PBST (PBS containing 0.1% (v/v) Tween-20) three times and incubated at 4 'C with HRP
conjugated anti-mouse antibodies (Invitrogen) for 2h. The bound antibody signal was detected
by chemiluminescence SuperSignal West Pico Kit (Pierce).
Transcription factor delivery studies
We replicated the delivery procedure illustrated by a previous group to generate pluripotent stem
cells using recombinant proteins with a CPP modification (84). Briefly, 105 cells (per sample)
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were treated by the device (30um-6um at 500mm/s) or nucleofection (Invitrogen) in the presence
of 80ug/ml of each transcription factor (Stemgent). Treatment was repeated once every 2 days
with a media change every day as previously described. After treatment was complete, the cells
were transferred to mTeSR-1 media (Stemcell) and colony counts were performed at 16-18 days
(device case) or 30-31 days (nucleofection and CPP cases) post treatment. The difference in
counting time reflects the earlier emergence of colonies in the device case.
Staining of colonies
Transformed colonies were expanded for 16 passages using conventional culture and stained for
expression of seminal hESC markers (Oct4, SSE4, Tra-1-60 and Tra-1-81). Live cell staining
was used to measure expression of Tra-1-60 and Tra-1-81 in transformed colonies, while
expression of Oct4 and SSEA-4 was measured in fixed colonies. Transformed colonies were
stained with Tra-1-60 (Stemgent@Stainalive TRA-1-60 conjugated to Dylight 488) and Tra-1-81
(Stemgent@Stainalive TRA-1-81 conjugated to Dylight 488) antibodies according to
manufacturer protocol. For Oct4 and SSE4 expression, transformed colonies were grown on
cover slips until confluent. Colonies were then fixed with 4% paraformaldehyde, permeablized
with 0.1% Triton-X and incubated over night at 4 'C with primary Oct4 (1: 100, Stemgent) or
SSE4 (1:50, Stemgent) antibodies . Their expression was visualized using a fluorophore-
conjugated secondary antibody (DYLight 594; 1:50; Vector Laboratories).
Raman Spectroscopy
The home-built Raman system was used to measure CNT delivery as previously described (120).
Flow cytometry
For analysis of cells after a delivery experiment, cells were washed 2-3 times with PBS (>100ul
per well in a 96 well plate). These were then re-suspended in PBS supplemented with 3% FBS,
1% F-68 Pluronics and lOug/ml propidium iodide (Sigma). Cells were analyzed on an LSR
Fortessa (BD Biosciences) or FACSCanto (BD Biosciences) equipped with a high throughput
sampling robot. The 405nm, 488nm, 561nm and 640nm lasers were used for the excitation of the
desired fluorophores. Propidium iodide (live/dead stain), fluorescein (and GFP), cascade blue,
and Cy5 signals were detected using 695/40, 530/30, 450/50 and 670/30 filters respectively. Data
analysis was conducted using FACS Diva (BD Biosciences) and FlowJo (FlowJo).
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IV. Synthesizing quantum dots
Materials
All chemicals were obtained from Sigma Aldrich and used as received unless indicated
otherwise. Air sensitive materials were handled in an Omni-Lab VAC glovebox under dry
nitrogen atmosphere with oxygen levels <0.2ppm. All solvents were Spectroscopic or reagent.
Aromatic ring-bearing compounds were visualized on TLC using a hand-held UV lamp and
KMnO 4. Amine-bearing compounds were visualized on TLC using a Ninhydrin stain. Flash
column chromatography was performed on a Teledyne Isco Combi Flash Companion. HeLa cells
were purchased from ATCC and all cell medium materials were purchased from Mediatech
unless indicated otherwise.
Instrumentation
'H NMR spectra were recorded on a Bruker DRX 401 NMR Spectrometer. MS-ESI was
performed on a Bruker Daltonics APEXIV 4.7 FT-ICR-MS machine. UV-Vis absorbance spectra
were taken using an HP 8453 diode array spectrophotometer. Photoluminescence and absorbance
spectra were recorded with a BioTek Synergy 4 Microplate Reader. Polymer molecular weights
were determined in DMF solution on an Agilent 1100 series HPLC/GPC system with three
PLgel columes (103, 104, 105 A) in series against narrow polystyrene standards. Dye derivatives
were purified using Varian ProStar Prep HPLC system. Modified polymer was purified using GE
Healthcare's PD-10 columns packed with SephadexTM G-25M. Ligand exchanged QDs were
purified by centrifugation dialysis with Millipore Amicon Ultra 30K cut-off centrifugal filters
and by GFC on AKTAprime Plus chromatography system (Amersham Biosciences) equipped
with a self-packed Superdex 200 10/100 glass column. Flow cytometry measurements were
made on LSR Fortessa (BD Biosciences).
QD synthesis
CdSe cores with 478nm first absorption peak were synthesized using a previously reported
method (1). To summarize, 0.4 mmol (54.1mg) of CdO, 0.8 mmol (0.2232g) of TDPA, 9.6mmol
(3.72g) of TOPO were placed in 25mL round bottom flask. The solution was degassed for 1 hr at
160 'C and heated to 300 'C under argon until the CdO dissolved and formed a clear
homogenous solution. This was followed by putting the solution under vacuum at 160 'C to
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remove evolved water. The solution was reheated to 360 'C under argon and a TOP-Se solution
(1.5mL of 1.5M TOP-Se in 1.5mL of TOP) was rapidly added to give CdSe cores with the first
absorption feature at 478nm.
CdS shells were deposited on CdSe cores via modification of previously reported procedures (2).
Cores isolated by repeated precipitations from hexane with acetone were brought to 180 'C in a
solvent mixture of oleylamine (3 mL) and octadecene (6 mL). Cd and S precursor solutions were
then introduced continuously at a rate of 4 mL/hr. The Cd precursor consisted of 0.33 mmol Cd-
oleate and 0.66 mmol oleylamine in a solvent mixture of octadecene (1.5 mL) and TOP (3 mL).
The S precursor consisted of 0.3 mmol hexamethyldisilathiane [(TMS) 2S ] in 6 mL TOP.
Addition of a total of 3 monolayers each of Cd and S yielded QDs with emission at 541 nm and a
quantum yield of 60% when diluted in octane. The extinction coefficient of CdSe(CdS) was
calculated using the extinction coefficient of CdSe cores from the literature (3) and assuming that
95% of the CdSe cores were retained during the overcoating step.
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Synthesis of organic QD ligand
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Compound 1 To a solution of lipoic acid (5 g, 20 mmol) and dicyclohexylcarbodiimide (6 g, 30
mmol) in THF at 4'C, a solution of N-hydroxysuccinimide (3.34 g, 30 mmol) in THF was added
drop by drop. The solution was brought to room temperature and stirred for 3 h. The precipitate
was removed by vacuum filtration and the solvent evaporated in vacuo, followed by a second
precipitation in ethyl acetate and vacuum filtration. The crude product was recrystalllized from a
solution of hot ethyl acetate/hexane (1:1 v/v) as a pale-yellow solid. 'H NMR (400MHz, CDCl 3):
6 (ppm) 3.59 (1H, quin), 3.03-3.13 (2H, m), 2.85 (4H, t), 2.6 (2H, t), 2.45 (1H, quin), 1.91 (1H,
quin), 1.63-1.8 (4H, in), 1.5-1.6 (3H, m)
Compound 2 A solution of lipoic acid NHS-ester (1, 2g, 6.6 mmol) in THF was added drop by
drop to a solution of ethylene diamine (3.96 g, 70 mmol) and triethylamine (1.2 eq) in THF at
4'C. The reaction brought to room temperature and stirred until NMR of crude product in
solution phase showed ethylene diamine peaks but no NHS peaks. The reaction was filtered and
the solvent and excess ethylene diamine were removed in vacuo. Entire product was transferred
to the next reaction to form compound 3.
Compound 3 To a solution of lipoic ethylene amine (2) and triethylamine (0.8 g, 10 mmol)
stirring in dry THF at 4'C, a solution of acroyl chloride(0.72 g, 10 mmol) in THF was added
drop by drop. The reaction was brought back to room temperature and stirred for 6 h.
Disappearance of amine was monitored with TLC. The solution was filtered and the solvent
evaporated in vacuo. The crude product was purified by silica column (4% to 10%
methanol/dichloromethane gradient) to give the pure product. 1H NMR (400 MHz, CDCl 3): 6
(ppm) 6.3 (1H, d), 6.19 (1H, q), 5.62 (1H,d), 3.5 (2H, sex), 3.43 (3H, in), 3.1 (2H, sex), 2.21
(1H, sex), 2.18 (2H, t), 1.83 (1H, sex), 1.61 (4H, m), 1.4 (1H, q)
Typical PIL synthesis
Methoxy terminated poly(ethylene glycol),, acrylamide and Histamine acrylamide were
synthesized with slight modifications on established procedure (2).
Methoxy poly(ethylene glycol),, amine Neat methoxy poly(ethylene glycol) (mean MW 550, 8
g, 14.5 mmol), Ag 20 (5.06 g, 21.8 mmol), Tosyl chloride (3.05 g, 16 mmol), and KI (0.6 g, 3.6
mmol) were stirred in dichloromethane at RT overnight. Salts were filtered through celite
followed by ethyl acetate wash of the crude solution. The solvent was evaporated in vacuo and
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the crude product purified by silica column (2% methanol/dichloromethane). The entire crude
was dissolved in DMF and sodium azide (1.42 g, 21.8 mmol) was added. The reaction was
stirred at 1 10 C for 3 h, then cooled to RT and the solvent evaporated in vacuo. Tosylate salts
were crashed out in dichloromethane until NMR showed tosylate peaks had disappeared. To the
entire product dissolved in dry THF at 4'C was added triphenylphosphine (4.2 g, 16 mmol). This
reaction was brought to RT and stirred for 10 h, at which point 1 mL of water was added. After 3
h further stirring, the solvent was removed in vacuo and the crude product was purified with
silica column (10% hydroxylamineo.1-methanolo. 9/ethyl acetate).
Methoxy poly(ethylene glycol),, acrylamide The purified methoxy poly(ethylene glycol)11
amine (1.3 g, 2.36 mmol) and triethylamine (0.36 g, 3.55 mmol) were dissolved in dry THF at
4'C. A solution of acroyl chloride(0.32 g, 3.55 mmol) in THF was added drop by drop and the
reaction brought back to room temperature and stirred for 6 h. Disappearance of amine was
monitored with TLC. The solution was filtered and the solvent evaporated in vacuo. The crude
product was purified by silica column (4% to 10% methanol/dichloromethane gradient) to give
the pure product.
Histamine acrylamide To a solution of histamine free base (2.9 g, 26 mmol) and triethylamine
(3.17 g, 31.3 mmol) in 2.2:1 DMF/THF mixture at 4'C was added a solution of acroyl chloride
(2.83 g, 31.3 mmol) in DMF/THF drop by drop. The reaction was raised to RT and stirred for 6
h. Precipitates were filtered and the solvent was evaporated in vacuo. The crude product was
purified on silica column (10% hydroxylamineo.1-methanolo. 9/dichloromethane).
Boc-protected histamine acrylamide To a solution of purified histamine acrylamide and
triethylamine (2.90 g, 28.7 mmol) in DMF was added a solution of Boc-anhydride (6.26 g, 28.7
mmol) in DMF drop by drop. The solution was stirred at RT for 6 h and purified by silica
column (50% to 80% ethyl acetate/hexane gradient).
Polymer synthesis All monomers were kept as a dilute stock solution in ethylacetate. RAFT-
mediated polymerization has been reported elsewhere (2). To summarize, all monomers were
weighed out volumetrically into an 8 mL vial. The solvent was removed in vacuo and RAFT
reagent and AIBN were added along with dry DMF. The contents of the vial were mixed,
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centrifuged, and transferred to a 1 mL ampule. The ampule was freeze-pump-thawed 4x and
sealed under vacuum. Polymerization proceeded in a 70'C oil bath for 6 h.
PIL deprotection and reduction Disulfide on PIL was deprotected with 3-4 eq NaBH4 in 1:4
MeOH/water mixture for 4 hours followed by quenching of NaBH4 and deprotection of Boc-
protecting groups with 0.5 mL of 4 M HCl in dioxane. After lh at RT, the HCl was removed in
vacuo. The deprotected polymer was dissolved in MeOH, to which a solution of NaOH in water
(4M) was added dropwise to adjust the pH to be between 8-9. The solvent was removed in
vacuo, and then CHCl3 was added to precipitate the salts. The solution was filtered through a
0.45 um PTFE filter and solvent removed in vacuo to yield the final polymer for Rox-S-S-pyr
conjugation.
Compound 4 Aldrithiol-2 (4.98 g, 22.6 mmol) was dissolved in 40 ml of methanol and 1.8 ml of
AcOH under N 2. A solution of 2-aminoethanethiol HCl (1.28 g, 11.30 mmol) in methanol was
added drop by drop and the reaction was stirred at RT for 48 h. The solvent was evaporated in
vacuo and the residual oil was washed 2x with 40 ml of diethyl ether. The crude compound was
dissolved in 10 ml of methanol and the product was precipitated twice with cold diethyl ether to
get the pure product as a white solid.
Compound 5 5(6)-Rox NHS ester from Invitrogen (100 mg, 0.16 mmol), triethylamine (22.4
mg, 0.22 mmol), and cysteamine thiopyridine (4, 41 mg, 0.22 mmol) were stirred in methanol for
4 hours. The product was extracted 2x in water/CHCl 3 and 4x in brine/CHCl 3. The crude product
was purified with HPLC Varian column (45% to 100% ACNo.8 /water/TFA. 005 gradient). M/Z
703.2439 (100), 704.2483 (44.2), 705.2482 (18.4), 706.2492 (5.4).
PIL-S-S-Rox synthesis Varying equivalents of Rox-S-S-pyr was dissolved in methanol and
added to a solution of PIL in methanol. The solution was stirred for 24 hours at room
temperature, devoid of light. The mixture was precipitated with CHCl 3 and filtered with a 0.45
um PTFE filter, and solvent removed in vacuo to be dissolved in water. The aqueous solution of
Rox-S-S-polymer was purified from excess Rox-S-S-pyr by PD-10 size exclusion column (GE-
Healthcare). The solvent of the eluted product was removed in vacuo to yield the final PIL for
QD ligand exchange.
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Ligand exchange QDs (2 nmol) were precipitated using acetone and ethanol, and brought into
50 gL of CHCl3. The QD stock solution was mixed with a solution of PIL-S-S-Rox (5 mg) in 30
pL, stirred for 15 min at RT, after which 30 gL of methanol was added. The solution was stirred
for another 30 min, then precipitated by the addition of ethanol (30 pL) and CHC13 (30 pL) and
excess hexanes. The sample was centrifuged at 4000xg for 2.5 min, clear supernatant discarded.
The pellet redissolved in ethanol (50 pL) and CHCl 3 (50 pL) and precipitated by the addition of
excess hexanes, centrifuged, and the supernatant discarded. The pellet was dried in vacuo and
dissolved in PBS (500 pL, pH 7.4). The sample was purified by GFC with PBS (pH 7.4) as the
mobile phase with a flow rate of 1.0 mL/min. Detection was achieved by measuring the
absorption at 280 nm.
Characterization of glutathione and TCEP reduction QD-PIL-S-S-Rox was incubated at
370 C on a stirplate in a solution of varying concentrations of glutathione in PBS and varying
concentrations of TCEP in PBS (pH adjusted to pH 7.4) for 30 minutes. Absorbance and
emission were measured and recorded simultaneously on BioTek Synergy 4 Microplate Reader
at 488 nm excitation.
Disulfide bond stability in full medium The construct was incubated on a 370 C stirplate in air
and its emission spectrum measured at various hours. To measure the stability of disulfide bond
in full medium at 370 C at 5% C0 2, the construct was incubated in a cell incubator and the
emission intensity in QD541 and Rox channel was measured with a confocal microscope. The
constructs were run on AKTA GFC column to measure any aggregation.
V. QD analysis
Delivery procedure for QDs
To perform an experiment, cells are first suspended in PBS (although growth medium or other
buffers have been found to work equally well)mixed with the desired delivery material and
placed in the device's inlet reservoir. This reservoir is connected to a compressed air line
controlled by a regulator and the selected pressure (0-70psi) is used to drive the fluid through the
device. Treated cells are then collected from the outlet reservoir. Cells are incubated at room
temperature in the delivery solution for 5min post-treatment to ensure pore closure before being
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subject to any further treatment. All experimental conditions were carried out in triplicate and the
error bars represent two standard deviations.
Cell culture
HeLa cells were cultured in high glucose Dulbecco's modified essential medium supplemented
with 10% FBS and 1% penicillin streptomycin, at 37 'C and 5% CO2. When applicable, adherent
cells were suspended in solution by treatment with 0.05% trypsin/EDTA for 5 minutes.
Confocal microscopy
Confocal images were taken on live cells using the C1 confocal add-on unit on a Nikon TE2000-
U inverted microscope with a 60x water-immersion lens. Fluorescence samples were excited at
488 nm from an argon-Ion laser. Emission was collected with a 585 Long-Pass dichroic mirror
for QD541 fluorescence collection through 535/30 filter and Rox fluorescence collection through
a 605/30 filter. A single image is an average from n=8 scans.
Epifluorescence microscopy
Epifluorescence images were taken on live cells using a Nikon TE2000-U inverted microscope
with a 60x water-immersion lens and a Princeton Instruments MicroMAX camera with an
additional 1.5x magnification tube lens. Bright field images were collected using differential
interference contrast and 10 ms exposure. Fluorescence samples were excited from an LED lamp
source centered on 480 nm excitation and collected with 50-500 ms exposure. Collection of
QD541 fluorescence was through a 460/30 nm excitation filter, 488 dichroic mirror, and 525/30
emission filter. Collection of Rox fluorescence was through a 488 dichroic mirror and 595/50
emission filter.
Flow cytometry
Cells were centrifuged at 400 rcf and washed 2-3 times with PBS prior to being suspended in
FACS buffer comprised of PBS supplemented with 3% FBS, 1% F-68 Pluronics (Sigma), and 10
ptg/ml propidium iodide (Sigma). QD and QD-Rox fluorescence upon excitation at 405 nm
excitation wavelength was analyzed. Dead cells were sorted out from the sample by discarding
cells showing propidium iodide fluorescence excited at 488 nm and measured through a 695
Long-Pass filter. Emission for QD541 was collected using a 525/50 filter and emission for Rox
fluorescence was collected using a 595 Long-Pass filter.
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VI. Procedure for cell reprogramming experiments
1) Obtain NuFF cells from an external supplier (GlobalStem) and culture them for 2 passages so
they have fully recovered from the freezing process. NOTE: The later the passage number,
the slower the division rate of the fibroblasts and the less receptive they are to
reprogramming treatments. This technique is probably applicable to other fibroblast sources
(e.g. adult fibroblasts or embryonic fibroblasts); however, one could expect significant
variations in reprogramming efficiency.
2) Treat 100,000 cells per sample with the device. Our delivery experiments were conducted at
a concentration of 106 cells/ml on a 30um-6um chip at 50psi in media. The protein
concentration in the delivery buffer was 80ug/ml per transcription factor. The cells were
allowed to incubate in their delivery solution for a minimum of 5min before being transferred
to a 6-well plate with 1ml of media per well. NOTE: These delivery conditions, although
considered optimal at the time, may need to be re-examined. The chip type and running
buffer specifically should be re-optimized using dye experiments. The protein concentration
of these experiments was designed to emulate the CPP studies reported previously (84) after
dilution into the 1ml of media.
3) Media in the 6 well plates was changed the next day, taking care not to disturb any loosely
adhered cells. This was in accordance with the previously reported procedures, perhaps
because prolonged exposure to the CPP peptides in solution could cause toxicity.
4) On day 2 (i.e. 48 hours after the first delivery) steps 2-3 were repeated. This process
continued for 4 delivery cycles total. NOTE: The number of delivery cycles and their relative
timing was not optimized for our system but was based on the previously reported method
for reprogramming (84).
5) After completion of the 4 cycles, the cells were transferred into mTeSR media until colonies
began to emerge. A possible alternative to this step is to culture the cells over a feeder layer.
VIL Cancer vaccine protocols
Cell lysis protocol
1) Concentrate cells at lx1 0 7^ cells/ml in a microcentrifuge tube
2) 5 freeze thaw cycles using liquid nitrogen and a 370C or 60 0C water bath.
3) Sonicate for 15seconds
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4) spin down for 4 min at 5000rcf and collect supernatant
5) Freeze the supernatant and maintain at -20 0C or -800C until used.
Buffers
GM-CSF: Resuspend in PBS so that the final concentration is 100 ug/ mL. Add 5ul of DC
Media to provide the minimal FBS requirement for the solution.
SIINFEKL: Stock is at lmg/mL. One needs to add luL per well for a 96 well U-bottom for co-
culture (each well typically contains 200ul of T cell culture medium). In the end, one wants the
concentration to be 5 ug/mL.
LPS: Stock is at lmg/mL in PBS and working solution is at 20 ug/mL (1:50 dilution). Add 10uL
of working solution/well. In the end, want the concentration to be 2ug/mL.
CFSE: For the Invitrogen kit, dissolve one vial of CFSE (blue cap) in 18uL DMSO (green cap)
to yield a 5mM stock solution.
Staining: Add 0.2uL of CFSE stock into 1mL of PBS containing T cells (concentration has to be
between 5x106 to 2x107 cells per mL). Incubate at 370C for 10 min. Spin down at 500rcf for 4
minutes and re-suspend in 2mL media. Incubate for up to 45 min to allow any unreacted CFSE to
leach out. Spin down and re-suspend cells in desired media for further use.
Liberase: Reconstitute entire vial with 2mL of de-ionized water. Aliquot into 21 OuL aliquots
Ova: Reconstitute at 4mg/ml in PBS and sterile filter before use. Store at -20 0C.
DC Media: Store as 15mL aliquots at 40C
500mL DMEM
50mL heat inactivated FBS (HI FBS)
5mL Pen/strep (1 00x)
5mL Glutamax (100x)
BMDC Media: Store at 40C
500mL RPMI 1640
50mL HI FBS
1 OmL Pen/Strep
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1 OmL Glutamine (Glutamax)
1 OmL Sodium Pyruvate
1OOuL GM-CSF at 100ug/ml
MACS Buffer: Store as 50ml aliquots at 40C
500mL PBS
250uL HI FBS
2mL EDTA (0.5M)
Hanks Buffer: Store as 7mL aliquots at 40C
Hank's Media + 2% EDTA (0.5M) v/v
T cell Media: Store at 40C
500mL RPMI 1640
50mL HI FBS
1 OmL Pen/Strep
5mL Glutamax
7.5mL Hepes
5mL Sodium Pyruvate
0.9uL 2-B Mercaptoethanol (2-ME)
Mice
Jackson Labs, Strain: C57BL/6 for BMDCs, Normal DCs
Jackson Labs, Stock: 003831 Strain: C57BL/6-Tg (TcraTcrb) 11 OOMjb/J for OTI CD8 T-cells
Jackson Labs, Stock: 004194 Strain: B6.Cg-Tg (TcraTcrb) 425Cbn/J for OT2 CD4 T-cells
Co-culture ratio of DCs to T-cell: 30k DC cells: 200k T-cells
Co-cultures appear to work best if T cells are added 16-24 hours after DCs were first seeded.
Probably because the DCs do not begin to present the antigens until significantly after delivery is
complete.
[150]
BMDC Harvesting Protocol:
Materials:
Tools (scissors, tweezers)
Razor blades (2 per mouse)
Strainers (1 per mouse, 70um/white)
Syringe (1 per mouse)
30G Needles (1 per mouse)
BMDC Media and DC Media at 25 0C
Procedure:
1. Kill mice (1 per flask) & prep (spray in, get paper towels, and wipe tools with EtOH). Fill X
petri dishes with DC media (pour enough to cover bottom of petri dish) in Dissection Hood
2. Cut leg, peel skin back to foot, and remove. For remaining skin on leg, peel up to lower back,
fold over.
3. Cut below ankle
4. Use scissors to cut muscle between upper and lower leg
5. With mouse on its stomach, bend lower leg at knee. Use razor blade to feel for joint between
bones. Pull on lower leg until loose. Cut away extra muscle with scissors. Put in petri dish.
6. Use scissors to cut muscles joining upper leg to body.
7. With mouse on its back, bend femur and feel for joint. Place razor blade in bend and wiggle
femur until loose. Cut away extra muscle with scissors. Place in petri dish with other bone(s).
8. Repeat for other leg.
9. Repeat for each mouse, using a new razor blade each time and cleaning scissors/tweezers.
10. Clean up dissection hood/Dispose of bodies.
11. Change gloves and move to cell culture hood and set up as usual.
12. Get new petri dish, fill with EtOH.
13. Get X new petri dishes, pour DC media so that it is enough to cover the bottom.
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14. Take 1 petri dish with bones. For each bone, dip into EtOH, cut away all remaining muscle
so there is only bone left. Dip into EtOH. Cut off ends (knobby part) of bone with new razor
blade, put into new petri dish. Repeat for all four bones so that your new petri dish has 4 bone
segments in it.
15. Load syringe with 5mL DC Media. Take each bone segment and rinse through with the
needle/syringe/media into the petri dish containing the other bone segments/media. For lower
bone, needle should go in small end. Place empty bone into EtOH lid.
16. Repeat for each bone.
17. Repeat for X petri dishes using a new razor blade for each petri dish
18. Using 25mL pipet, first pipet the chunks of marrow and run through strainer with pipet tip
pressed to strainer and by moving pipet tip in circles.
19. Pipet up the remaining media in petri dish and run through strainer.
20. Repeat for each petri dish with new strainer each time.
21. Spin down at 1200rpm for 6 minutes. Prepare X flasks with 30mL BMDC Media at 250C
22. Aspirate supernatant from each 50mL falcon tube using new tip for each
23. Resuspend in 1 OmL BMDC Media and add it to the flask.
24. Label each flask with name, date, BMDC cells
25. Incubate at 250C (This is day 0)
26. Add 30mL BMDC Media on 3rd day.
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T cell Purification
Materials:
3 40um cell strainers
5mL syringe
CD8 negative isolation kit or CD4 negative isolation kit from Miltenyi
2 large columns
Spleens and lymph nodes from 2 mice
DC Media
MACS buffer
Procedure:
1. Place 1 strainer on a 50mL falcon tube. Wet with 2mL DC Media. (There should be 2mL DC
Media in the falcon tube now)
2. Transfer spleens onto the strainer. Using the plunger part of the syringe, mash spleens against
strainer.
3. Wash strainer with DC Media until clean. Change tip every time.
4. Prepare for cell count:
a. Mix the DC Media with 1000ul pipette
b. Mix 1 Oul of the cell suspension with 90ul DC Media
c. Take 1 Oul of mixed cells from b. and mix with 1 Oul trypan blue
d. Count
e. Determine total cell count
5. Spin down the original 50mL falcon tube of cells @800rcf for 5 min
6. Aspirate supernatant
7. Resuspend in 40uL MACS buffer for x1A7 cells, based on count from part 4e.
8. Pass through white strainer into new 50mL falcon tube
9. Add 1OuL antibodies from CD8 or CD4 kit per lxi0A7 cells. If calculations yield greater
than 200uL for CD8 or 400uL for CD4, add 200ul or 400 ul, respectively.
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10. Incubate on ice for 10 minutes
11. Add 3OuL MACS buffer for lx1OA7 cells, based on count from part 4e.
12. Add 2x the volume of beads as antibodies added in part 8.
13. Incubate on ice for 15 minutes.
14. Spin down @800rcf for 5 min.
15. Prep 1 large column with 3mL MACS buffer
16. Aspirate supernatant after spindown from part 13 and resuspend cells in 3mL MACS buffer.
17. Pass cells through white strainer into column
18. Wash 3x with 3mL MACs each time.
19. Keep the flow through and spin down @800rcf for 5 min
20. Repeat steps 15-18.
21. Collect flow through.
22. Add 6mL DC Media for viability
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BMDC Purification
Materials:
2 white strainers (70um strainer)
CD I1c Microbeads, mouse from Miltenyi
1 large column from Miltenyi
Procedure:
1. Set-up hood, take 2 flasks from incubator and cell scrapers.
2. Check cells to make sure there's no contamination
3. Using cell scraper, scrape flasks. Check under microscope to see if more is necessary. Scrape
again if necessary.
4. Pipet into two 50mL falcon tubes
5. Repeat for other flask.
6. Spin down @800rcf for 5 min
7. Aspirate supernatant and resuspend in 500ul DC Media per 50mL falcon tube.
8. Put a white strainer on a new 50mL falcon tube and pass cells through.
9. Add microbeads. 1 OOuL for 1 flask, 120uL- 1 50uL for two flasks, depending on size of pellet
in each flask.
10. Incubate on ice for 20min
11. Spin down @800rcf for 5 min.
12. Prep column with 3mL MACs buffer
13. Resuspend cells after they have spun down in 3mL MACs buffer
14. Pass through white strainer into column
15. Wash through column with 3mL aliquots MACs 3x
16. Fill column with 6mL MACs
17. Use syringe and collect cells in a new 15mL falcon tube.
18. If waiting for a long time before using, add 6mL DC Media to the falcon tube to preserve
viability.
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Splenic DC purification protocol
Materials:
2 blue 40um strainers
CD I1e microbeads mouse
500ul liberase
two 5mL syringes
two 23G needles
DC Media
HANKS buffer
MACS buffer
Protocol:
1. Add 1mL DC Media and 100uL Liberase to a petri dish per spleen
2. Attach needle to syringe
3. Using syringe, pass solution in petri dish through the spleens until the spleens change from a
dark red to a translucent orange.
4. Add 1mL DC Media and 1 OOuL liberase to a 15mL falcon tube
5. Transfer spleens into falcon tube from Step 4. Incubate in incubator for 30min.
6. Collect solution remaining in petri dish from step 3 in a 15mL falcon tube. Incubate on ice
for 30min.
7. Add 7mL Hanks and break up spleen from step 5. Add contents from tube 6.
8. Spin down @800rcf for 5 min
9. Strainer into new 15mL falcon tube.
10. Add microbeads, mouse. 100 for 1 spleen, 120-150 for 2 spleens (based on pellet)
11. Incubate on ice for 20 min.
12. Spin down @800rcf for 5 min.
13. Prep 1 large column with 3mL MACS buffer
14. Resuspend cells from Step 12 in 3mL MACS buffer. Pass through strainer into column (reuse
strainer from step 9).
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15. Wash column 3x with 3mL MACs buffer.
16. Add 6mL MACS to the column and use plunger to collect cells in a new 15mL falcon tube.
17. Repeat steps 13-16.
18. Add 6mL DC Media for viability
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